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ABSTRACT
Silk has enormous potential as a next-generation material: it is a biopolymer
spun from protein at ambient temperature and pressure, and the best spider
silks are as strong as steel and tougher than Kevlar. Because of its green
production, mechanical robustness, and biocompatibility, silk has been studied
for use in a range of engineering and biomedical applications. However,
despite exciting recent advances in artificial silk fabrication via recombinant
techniques, reserachers remain unable to fully replicate the complex assembly
and hierarchical structure of native silks. To better understand the
fundamentals of natural silk assembly and morphology, we investigated a
unique model: the 50 nm-thick, ribbon-like silk spun by the recluse genus of
spiders (Loxosceles). The Loxosceles ribbon provided an ideal system for the
study of silk structure and displayed surprising characteristics—including a
looped metastructure that we found can enhance the toughness of any fiber.
First, we characterized the Loxoscles ribbon using high-resolution atomic force
microscopy (AFM) imaging and a custom AFM-based mechanical test,
revealing a mechanical performance typical of other spider silks, a nanofibrillar
substructure, and hitherto undescribed protrusions (“nanopapillae”) on the
surface. To complement these results, we investigated the flattened silk of the
southern house spider, a relative of Loxosceles, and observed both nanofibrils
and nanopapillae. We also studied native and redissolved silkworm silk protein
that we assembled in vitro, and found nanofibrils only in the native samples.
Beyond these studies of fundamental molecular-scale structure, we
discovered that Loxosceles weaves its ribbon silk into sequential loops using
specialized spinnerets and an intricate spinning mechanism. By performing
mechanical tests of looped strands and designing a mechanical model of the
system, we found that introducing sacrificial loops into a fiber can significantly
enhance its toughness, and we identified which looping and fiber parameters
optimize the effect. We then fabricated a proof of concept—a looped strand of
tape—and found that it was far tougher than non-looped tape of equivalent
length. Thus, our research of thin silk systems revealed both important
aspects of silk’s core structural constituents and surprising new insights,
including the discovery of a looped ribbon metastructure that promises to
advance the design of ultra-tough fibers.
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1. Introduction

1.a. Silk as next-generation material

Novel materials will play a key role in addressing the challenges faced by our
modern society. In particular, substitutes are desperately needed for fossil fuels,
which are limited in supply, often toxic to the human body and environment, and
uniquely responsible for climate change and its disastrous consequences. 1 With
a burgeoning world population and increasing demands on our engineering,
medical, and textile fields, next-generation materials should be fossil-fuel
independent, inexpensive, sustainable, and multifunctional—in other words, they
should resemble natural materials. Nature provides numerous examples of
robust, multifunctional materials produced from benign, renewable starting
products.2,3 Bioinspired materials have thus enjoyed increased research and
attention, but their complex, hierarchical structure and mostly unimpressive
mechanical properties have prevented them from serving as satisfactory
replacements for hydrocarbon-based plastics in most cases. Nevertheless, one
natural polymer is currently poised to overcome these limitations and become an
indispensable contributor to our materials future: silk. In our research of silk,
especially the ribbon silk spun by the brown recluse spider, we revealed novel—
and often surprising—insights into silk structure and assembly that promise to
inform the improved design of artificial silks and bioinspired, ultra-tough fibers.

1

For centuries, silk has been prized as a textile of extraordinary resilience and
texture, with imperial China’s cultivation of the domesticated silkworm (Bombyx
mori) serving as the salient impetus for trade between the East and West.4–6 B.
mori spins a single silk thread to a length of more than a kilometer, which the
insect forms into a dense cocoon in its pupal stage.6 The cocoons are harvested
by the millions from silkworm colonies, boiled to remove their outer layer of
protein, teased apart into individual fibers, and woven into threads.4–6 Besides its
use as a textile, silkworm silk was once employed as a high-performance
polymer because of its strength and low weight; the parachutes used in World
War II, for instance, were made from silkworm silk.6 However, silkworm silk
became obsolete as an engineering material with the development of modern
hydrocarbon-based polymers like Nylon, which are far stronger and cheaper to
produce, and silk textiles remain a luxury item due to their laborious production.
Today, silkworm silk is under consideration for a host of biomedical applications
because of its biocompatibility: it elicits a minimal immune response and is able
to dissolve harmlessly into the body, yet is more mechanically robust than
conventional biocompatible materials like collagen and extracellular matrix.7–10
Silkworm silk has been employed to create tissue scaffolds, drug delivery
systems, dissolvable films in bioelectronics, and many other biomedical devices,
although no silk device has yet earned widespread medical adoption. 7–9

A fundamental downside to silkworm silk is its relative weakness relative to other
hydrocarbon-based polymers, but a silkworm’s cocoon fiber pales in comparison
2

to the silk produced by another animal: the spider. Spider silk has no parallel in
the natural world: an extraneously produced, load-bearing fiber organized into
elaborate architectures that displays unmatched mechanical properties. 11 A
common orb-web spider can spin up to eight types of silk with radically different
mechanical properties that, when constructed into a two-dimensional web, can
capture a flying insect several times the spider’s mass—the equivalent of a
human stopping a large horse traveling at 30 miles per hour.12 To accomplish this
feat, spider silk is as strong as steel (yet five times lighter per unit volume) and
can dissipate a prey’s momentum without flinging the spider from its web on the
rebound.13–15 This capacity to absorb energy per unit weight, i.e. toughness, is
greater for spider silk than for any other biomaterial. 14,15 In fact, spider silk is
tougher than Kevlar and almost all other artificial materials, yet it is spun from
protein, instantaneously, at ambient temperature and pressure.14–16 Despite its
immense promise as a sustainable, ultra-tough material, spider silk cannot be
mass-produced from spiders in the same manner as silkworm silk: spiders are
cannibalistic and thus resist grouping into large colonies, and silk protein
comprises only a small fraction of a spider’s body weight. 6,17

Recently, however, progress in molecular biology has brought artificial spider silk
to the brink of introduction into the consumer market. 18–20 By inserting the silk
gene into the genome of a host organism (typically bacteria or yeast),
encouraging the host to replicate, harvesting the translated silk protein, and
spinning the result into a fiber, recombinant spider silk can be produced on an
3

industrial scale.18,21 In recent years, more advanced recombination techniques
have increased the size of the silk protein that can be reliably synthesized, to the
extent that artificial spider silks now exceed the strength of silkworm silk and
have begun to approach the properties of native spider silks.18,20,22 Entrepreneurs
and investors are taking note: there are now several companies developing
scalable recombinant silks, with one company revealing the first-ever widely
available artificial spider silk product—a $314 necktie—this past February.23
However, much work remains: the best recombinant silks still fall short of native
silks in terms of mechanical properties,18,20 and the exorbitant cost of the first
spider silk necktie (and its unannounced mechanical properties) indicate that
there is ample opportunity to refine the silk production process.

To improve upon current methods and designs, a better understanding of natural
silk structure and assembly is essential, and non-traditional silk models are of
particular interest.18,24,25 Recent progress in artificial silk has been due in large
part to enhanced recombinant techniques, which have allowed for larger and
more native-like recombinant silk proteins to be produced.26–28 However,
significant advances have also directly resulted from uncovering novel details of
native silk assembly and its resulting structure, and now that recombinant silks
nearly match native silks in primary sequence, mastering higher-order
organization becomes even more important in the pursuit of continued
gains.18,24,26 Accordingly, it is notable that silk research has employed only a
handful of spider species—all of them orbweavers—as experimental subjects,
4

even though there are thousands of spider species organized into over 90
families.29,30 By “bioprospecting” from this enormous diversity and studying
alternative silk models, there is an opportunity to gain a better understanding of
the fundamental structural and assembly attributes that are common to all
silks.29,31,32 Additionally, the research of understudied natural systems offers the
prospect of novel discoveries, which, as has happened so often in the past, can
inform the design of future bioinspired materials.2,33

1.b. Archetypal silk structure and assembly

A typical spider silk protein (spidroin) is large relative to typical recombinant
proteins—about 300 kDa, or 3,000 amino acids (AA) in length.18,31,34–36 Spidroins
are composed of up to 100 repetitive AA blocks flanked by 2 non-repeating
terminal domains.18,31,34–36 A repetitive block is about 40–200 AA in length, and
contains a poly-alanine (A) string followed by a region rich in glycine (G) and a
variety of other AAs.34–37 The pattern yields alternating regions of hydrophobicity
and hydrophilicity, making for an amphiphilic molecule. 38,39 Under native
assembly, many of the poly-A regions form β-crystallites—highly-ordered
secondary structures formed by stacking alanines into an antiparallel, hydrogenbonded conformation.40,41 The G-rich region, on the other hand, forms
amorphous regions and β-turns, which act as elastin-like and energy-dissipative
elements.42–44 The coordination of less-ordered regions with highly-ordered βcrystallites confers silk with its distinctive combination of its extensibility and
strength, respectively, that yields extraordinary toughness in the fiber.12,45,46
5

While all spidroins display these primary and secondary structural motifs,
significant variability in the repetitive sequence exists between species and types
of

silk,

conferring

stark

differences

in

mechanical

properties.29,31,32,47

Furthermore, a single silk fiber is spun from two or more distinct spidroins;31,48 for
example, the first silk to be sequenced, the main dragline of the golden
orbweaver spider (Nephila clavipes), is composed of the spidroins MaSp1 and
MaSp2.34,35

Silkworm silk protein (fibroin) produced by B. mori is similar in many respects to
spidroin: it is also large, repetitive, and assembles into a semicrystalline
polymer.38 Three fibroins comprise the B. mori protein dope: the 350 kDa heavychain, 25 kDa light-chain, and 30 kDa P25 proteins.49 The heavy chain fibroin (Hfibroin) is most analogous to a spidroin, featuring 2 non-repetitive terminal
domains and 12 internal repetitive blocks of 159–607 AA, with each block
containing several GA repeats followed by GX repeats (X = one of three
hydrophobic AAs).38,50 Like spidroin, H-fibroin is amphiphilic, and its repetitive
sequence forms silk’s distinctive secondary structure: the GA repeats form
crystalline β-sheets, while the GX regions form disordered domains.38,51,52

For both spidroin and fibroin, a precisely controlled assembly process causes the
silk molecule to form into a fiber of native structure and properties.53,54 At the
outset, the protein dope is held in the storage gland at a pH of about 753,55,56 and
extremely high concentration (26 wt% for fibroin,49,57 30–50 wt% for spidroins58).
Silk protein is in a liquid crystalline state at this high concentration,54,59 with the
6

molecules likely forming micelles in the aqueous environment due to their
amphiphilic nature.38,45,60 For spider silk, it was recently shown that the carboxyl
terminal domains (CTDs) dimerize under these storage conditions, binding pairs
of spidroins together.53,61 For silkworm silk, the three fibroins form a 6:6:1
complex of heavy chain, light chain, and P25, respectively. 49 As the dope is
extruded through the spinning duct, it experiences a drop in pH to about 5, a drop
in NaCl concentration, and flow elongation and shear as the duct narrows. 53–55,62
For silkworm fibroin, the pH drop has been shown to induce a sol–gel transition,
with the acidic conditions upsetting the balance of charges in the micellar, liquidcrystalline dope and causing the hydrophobic regions of the fibroins to interact
and assemble into β-sheets.62 For spidroins, the drop in pH prompts the CTDs
and NTDs to coordinate a “lock-and-trigger” mechanism of assembly:53,63 the
amino terminal domain (NTD) dimerizes, locking chains of silk molecules
together,64,65 while the previously-dimerized CTDs trigger the formation of βsheets.53 In addition, NaCl has been shown to destabilize the NTD dimer; thus,
the drop in NaCl concentration further facilitates the linking of spidroins.64–66
Finally, shear also appears to be a crucial aspect of assembly. Flow elongation
and shear experienced as the dope travels down the narrowing spinning duct
causes the protein’s hydrophobic regions to align and form β-sheets,54,60,67 with
numerous rheological studies revealing that shear alone is sufficient for an
irreversible transition of silk protein into a gelled state.57,68–71

7

The result of correct assembly is a fiber with a hierarchical structure at several
length scales, imbuing silk with its excellent mechanical properties.24,25 As
discussed, silk’s secondary structure of β-crystals and disordered domains
confers strength and elasticity to the fiber,12,45,46 and at the molecular scale,
chains of spidroins are formed by the dimerization of CTDs and NTDs.53,63
Furthermore, it is posited that β-crystals form between the GA or poly-A domains
of multiple silk molecules, causing the β-crystals to act as strong, non-covalent
intermolecular bonds that link silk molecules in parallel.45 It is still unclear how
these molecular assemblies translate into a key characteristic of silk
substructure: nanofibrils. In surface imaging of native silks, nanofibrils, 10–20 nm
in diameter and oriented parallel to the fiber axis, are readily apparent.13,72,73
However, the extent to which they permeate the interior of the silk fiber has been
a matter of uncertainty in the literature, with one study of cross-sections taken
parallel to the fiber axis revealing only globular formations,74 and other past
studies providing insufficient evidence of nanofibrillar internal structure.75 Other
cross-sectional studies taken perpendicular to the silk cannot distinguish
between fibrillar or globular structures in the interior of a silk strand, but they
have shown that silk possesses a core–shell hierarchy: for spider silk, a shell of
glycosaccharides, lipids, and other molecules surrounds a spidroin core,75,76
while silkworm silk is composed of an inner fibroin core with a thick outer shell of
protein (sericin).55 At the macroscale, silkworm silk is spun into a cocoon, while
spider silk is organized into webs—structures that display tremendous
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divergence between species and yield enhanced mechanical performance by
their metastructure.77–80

Since silk’s hierarchical structure confers its functionality, a better understanding
of the character of and interplay between silk’s fundamental structural elements
is crucial to future silk development. In particular, experimental and modeling
studies have justified the importance of nanofibrils in silk’s overall mechanical
behavior,81–83 and nanofibrils are often used as indicators of native-like behavior
in artificial assembly studies.61,81,84,85 However, it is a daunting task to isolate and
study silk nanofibrils in natural systems. The nominal silks considered in most
studies—those spun by orb-web spiders—display a nanofibrillar surface
morphology, yet their cylindrical strands have a heterogeneous skin-core
organization and are 3–5 μm in diameter.75,76,86 Furthermore, traditional
techniques are lacking: optical microscopy cannot resolve molecular-scale
features, and electron microscopy necessitates dehydration and metallic coating
of the sample.87–89

1.c. Thesis

To conduct a more detailed investigation of silk structure and assembly, we
studied thin silks, i.e. silk fibers that approach the size of individual proteins in at
least in one dimension. In such systems, a majority of the material is exposed to
the surface; thus, the fiber morphology is more clear and accessible, and can be
directly linked to testable factors like mechanical properties or secondary
9

structure without confounding skin–core properties. Furthermore, a thin silk
reveals which elements are both necessary and sufficient for fiber formation.
Several types of thin silk have been investigated previously: the 65 nm diameter
silk spun by webspinner insects (embiids),90–92 the 20–100 nm diameter
nanofibrils produced by cribellate spiders,93,94 and the 50 nm thick, ribbon-like silk
spun by the recluse genus of spiders (Loxosceles).95,96 However, these past
studies did not employ powerful imaging techniques like high-resolution atomic
force microscopy, and their mechanical performance was not evaluated due to
the challenging scale of the samples.90–96

In our research, we focused on three thin silks: the ribbon silk spun by
Loxosceles, the cribellate silk fibrils of the southern house spider (Kukulcania
hibernalis), and artificially assembled nanofibrils of silkworm silk. Commonalities
between these systems revealed core aspects of silk, including quantitative
details of a consistently observed nanofibrillar substructure. We also uncovered
novel structures in these silks, including a hitherto undescribed surface
morphology on Loxosceles and K. hibernalis silk strands and a bizarre looped
metastructure of Loxosceles silk. We then conducted a first mechanical analysis
of Loxosceles silk by AFM and tensile testing, modeled the behavior of a looped
fiber, and manufactured a proof of concept that demonstrates the possibilities of
thin silk biomimicry.

10

2. Materials and Methods

2.a. Silk samples

2.a.i. Spider care

Chilean recluse spiders (Loxosceles laeta) were obtained from Rick Vetter at the
University of California, Riverside and housed in cylindrical capsules. Southern
house spiders (Kukulcania hibernalis) were collected in Orange Park, FL and
kept in small plastic containers. All spiders were fed a weekly diet of crickets. The
lifespan of our recluses, 3–5 years, is in agreement with reports in the literature.97

2.a.ii. Spider silk collection

For morphological analysis and single-strand 3-point bending mechanical testing
of Loxosceles and Kukulcania silk, strands were obtained by either (a) passing
the substrate through a portion of the cobweb architecture, or (b) passing a pair
of calipers through the web, then applying the silk to the substrate. A resistively
heated wire was used to sever the silk without applying tension.

For tensile testing, silk was collected by anesthetizing a spider with CO2,
restraining it with needles and cotton strips, and waiting for the spider to
resuscitate and produce silk. Occasionally, the spider revived but did not spin
silk, but in most cases, the spider’s spinnerets became active about one minute
11

after anesthetization. If silk was produced, it was teased from the spinnerets
using a needle, deposited onto a mandrel with spaced collection bars, and reeled
at 3 mm/s, a speed that allowed the spider to form loops—this silk was
designated “looped.” Once a sufficient amount of looped silk was collected, the
reeling speed was increased to 10 mm/s, a standard reeling speed 98 that was
sufficiently fast to prevent the formation of loops. The resulting straightened
strands were designated “non-looped.”

2.a.iii. Fibroin preparation

Reconstituted silk fibroin (RSF) was prepared by first degumming Bombyx mori
silk cocoons (Aurora Silks) to remove the sericin coating by heating at 70 °C in
0.5 wt% Na2CO3 for two hours. After drying overnight, the silk was then dissolved
in a solution of 9M LiBr at 70 °C by gently stirring. A ratio of 2 g silk: 10 mL 9M
LiBr was preserved in each sample in order to preserve the consistency of the
RSF molecular weight.99 To extract the protein, we dialyzed the dissolved silk
against an excess of Millipore water (Millipore Synergy UV) for 48 hours,
changing the water twice. A silver nitrate test confirmed that no significant
amount of LiBr was present in solution following dialysis. The concentration of
the resulting RSF was determined by weighing an aliquot before and after
heating in a vacuum oven at 70°C for thirty minutes.

Native silk fibroin (NSF) was extracted directly from the middle storage glands of
mature Bombyx mori silkworms. The silkworms were raised on a diet of mulberry
12

leaves until their fifth instar, when their silk glands were dissected, with care
taken to avoid shearing the silk dope. The extracted silk protein was gently
washed in Millipore water to remove the sericin coating, then left overnight at 4°C
in Millipore water.

To prepare AFM samples, serial dilutions in Millipore water were first performed
on each stock solution to achieve the desired concentrations. 5 µL drops of each
concentration were placed on cleaved, atomically smooth mica substrates and
either exposed to shear or allowed to deposit without shear. For shear-free
conditions, the RSF solution was allowed to rest on mica at ambient temperature
and humidity (20–25 °C, 20–50% relative humidity) for 5 minutes to promote the
deposition of RSF proteins without significant evaporation. The non-sheared
sample was then gently rinsed with Millipore water to remove the excess solution
and dried with N2 gas (Nitrogen 5.0, GTS Welco), with low flows of rinse and N2
gas employed to avoid shearing the sample. To induce a radial shear field, the
mica substrate was spin-coated for 3 minutes at 2000 rpm using a WS-650SZ
Spin Processor (Laurell Technologies Corporation).

2.b. Atomic force microscopy

To obtain structural information of thin silk hierarchy on a molecular scale, we
primarily used atomic force microscopy, a technique capable of yielding 3D
morphology of a protein sample with nanometer resolutions in the absence of
harsh treatment or forces.100 AFM has been employed to image silk and other
13

biomolecules with unprecedented resolutions, providing valuable confirmation of
existing theories and novel insight into assembly and other processes. 87,100–104

In a typical AFM setup, the force sensor consists of an extremely sharp probe
(<10 nm in diameter at its tip) attached to a cantilever (Figure 2.1a). The tip is
oriented towards a sample of interest, and a laser is directed off the back of the
cantilever and onto a photodetector (Figure 2.1b). In this arrangement, the
deflection of the cantilever can be detected with nanometer-scale resolution and
is proportional to the force experienced by the tip. Piezoelectric translators
provide nm-scale movement in three dimensions.

To scan a sample surface in AFM, a feedback loop links the deflection of the
cantilever to the z-piezo extension, which controls the height of the probe. With
the feedback loop engaged, the cantilever deflection (i.e. force on the tip) can be
kept at a constant set point, allowing the tip to follow the topography of the
sample as it is rastered line-by-line in the x and y directions. The z-piezo
extension (i.e. probe height) is then recorded, giving a topography image of the
sample with resolution equivalent to the tip diameter. A wide range of scanning
modes can be used in AFM, making it an extremely versatile tool. The cantilever
can be oscillated to give a waveform deflection instead of a constant deflection,
allowing for more gentle scanning and sharper imaging. Scanning can also be
conducted in liquid, vacuum, or any other medium, and the sample can be
heated or oscillated.

14

Figure 2.1. (a) Typical AFM probe, with a tip whose radius is about 10 nm in diameter. (b) Typical
setup of an AFM with an optical feedback loop. A laser aimed off the back of the cantilever and
onto a photodiode allows the deflection of the cantilever to be measured with sub-nanometer
resolution.

The

image

in

(b)

is

from

http://www.education.mrsec.wisc.edu/nanoquest/

afm/index.html.
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One especially useful AFM mode is force spectroscopy, whereby the probe is
approached to and retracted from the surface at a single point (Figure 2.2). The
resulting extension-deflection curve can be easily translated into a force-distance
curve, which gives the profile of forces the tip encounters as it approaches and
eventually indents the surface. Using this technique, key quantitative
measurements are accessible: for example, the interfacial forces between two
surfaces, a material’s mechanical properties, electrostatic forces, or the bonds
within a single molecule.

2.b.i. Scanning

An Ntegra Prima AFM (NT-MDT) configured with the Universal scanning head
and a 100 μm×100 μm×10 µm closed-loop piezo scanner was employed for
contact- and tapping-mode imaging. For contact mode scans, we used SiNi type
probes (BudgetSensors) with a tip radius <15 nm and a spring constant of 0.27
N/m. For tapping mode, we used ACTA Si probes (AppNano) with ≈ 6 nm tip
radius and a nominal spring constant of 40 N/m. For non-contact scans of
silkworm silk protein, We used AppNano ACTA 200 silicon AFM probes
(APPNANO), with a tip radius <10 nm, a resonant frequency of ≈300 kHz, and a
nominal spring constant of 25–75 N/m. Non-contact AFM imaging conditions (the
presence of net attractive forces) were confirmed by observation of a positive
phase shift with respect to the free cantilever oscillation,56 which we found at
≈80% of the free amplitude. The AFM was operated in air with controlled 30–50%
levels of relative humidity.
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Figure 2.2. Schematic of AFM force spectroscopy and resulting deflection v. extension curve. As
the AFM probe is approached to a surface (i.e. reducing the scanner extension z), cantilever
deflection dz is implied by the position of the laser on the photodiode.
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2.b.ii. Fibroin image analysis

To analyze and quantify AFM scans of assembled fibroin, NOVA Image Analysis
(NT-MDT) and Gwyddion (http://gwyddion.net) were first used to process our
AFM scans. To facilitate direct quantitative comparison between images,
consistent values for scanning range (5 µm × 5 µm), resolution (1024 pixels ×
1024 pixels), and scanning speed (0.7 Hz) were employed.

Cross-sections of nanofibril height and width were made using NOVA Image
Analysis. A sample size of n=40 was utilized for all but the 1000 mg/L
concentration NSF scans, where sample sizes of n=26 reflected the lower
number of visible unique nanofibrils. To assess width and height of the
nanofibrils, full width at half maximum and height of the cross-sections were
calculated and analyzed using MATLAB. Volumes of individual globules and silk
nanofibrils were calculated using a rotated-solid model.

Quantitative analysis of the nanofibril network was performed using Fiji/ImageJ
(http://fiji.sc/Fiji) and MATLAB (Mathworks, Inc.). As schematically shown in
Figure 3.11a, we measured two morphological aspects for each continuous
protein assembly: its total footprint area, and branch length of its nanofibrillar
network. A topography threshold was first applied to the AFM images to establish
a binary distinction between particles/fibers and the substrate background. The
Analyze Particles routine in ImageJ was then employed to determine the area
and number of continuous fibroin particles/assemblies. To prevent single pixels
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and other processing artifacts to be counted, a minimum cutoff was imposed on
both particle area and skeletonized nanofibril length distributions. After applying
the threshold, single pixels and other unrealistically small features occasionally
resulted due to imperfect flattening and the binary nature of the threshold. Since
all nanofibrils measured in low concentration scans were about 15 nm in width,
all nanofibrils less than 15 nm in length and all particles less than π × (7.5 nm) 2 ≈
176 nm2 in area were discarded.

To analyze the branch length of the nanofibril network, a separate image analysis
procedure was used (Figure 3.11a). The binary topography images were
skeletonized using the Skeletonize and AnalyzeSkeleton plugins; Skeletonize
iteratively and symmetrically erodes particles outlined in a binary image until only
a single, characteristic string of pixels remains.105 Prior to skeletonization, a 2-nm
Gaussian blur was applied to each topography-thresholded image in order to
smooth the effects of thresholding and reduce spurious branching, and a
minimum cutoff set at the width of a single nanofibril was also imposed to prevent
nanofibril nodes, point topographies, and other irregularities from being counted
as nanofibrils. The AnalyzeSkeleton plugin returned the length of each nanofibril,
and the number of nanofibrils.

Due to differences in AFM probe diameter from experiment to experiment, the
apparent nanofibril diameter changes accordingly. Because of this, the measured
footprint area of a particular assembly is expected to scale approximately linearly
as a function of this apparent nanofibril diameter. To avoid that the measured
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footprint areas directly depend on the tip diameter, we applied a correction factor.
We assumed that the nanofibril diameter is constant for a given fibroin
concentration and consequently established a benchmark nanofibril diameter.
For scans with larger apparent nanofibril diameters (allegedly due to tip size
effects), we corrected the apparent aggregate areas to account for tip sizeinduced measurement errors (Figure 2.3b). The corrected aggregate areas
(Figure 2.3b) are not substantially different from the uncorrected ones (Figure
2.3a). However, at low concentrations, the corrected areas provide slightly better
agreement with the expected trend of increasing aggregate size as a function of
fibroin concentration.

2.b.iii. Force spectroscopy on Loxosceles silk

We used AFM force spectroscopy to determine the stiffness of Loxosceles silk
fibers. We developed this technique because Loxosceles silk is 20–30 times
smaller in cross-sectional area than typical, cylindrical silk fibers, which already
test the sensitivity limits of the most specialized tensile testers. With force
sensitivity in the pN, the AFM is thus a particularly suitable characterization
method.

For each 3-point bending modulus measurement, a silk fiber was extracted from
a spider and applied to a glass substrate featuring a trench (Figure 2.4, Figure
4.1a). The trench was manufactured by breaking a cover slip (Gold Seal) in two
halves, positioning the pieces atop a second cover slip to form a gap with a width
20

Figure 2.3 Mean particle area of NSF (red) and RSF (blue) assembly structures (a) before and (b)
after correction according to nanofibril width. The black dotted line is the first-order line of best fit
to the RSF data.
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of ≈ 400 μm, and fixing the slides together using cyanoacrylate glue (Duro). The
width of the gap was measured with ±1 µm precision using optical microscopy.
Once the silk was applied across the trench, it was glued to the trench edges
using cyanoacrylate glue (Duro) to prevent it from slipping. Surface tension
pinned a glue droplet at both edges of the trench, preventing it from spreading
onto the suspended part of the fiber. Excess glue was removed by spin-coating
(Laurell WS-400Bz-6NPP), with the suspended part of the ribbon was positioned
on the rotation axis of the spin-coater so that the centrifugal spinning forces
accelerated the glue droplet away from the suspended ribbon. The crosssectional area of each ribbon was determined from AFM topography scans taken
near the suspended region.

Type ACTA AFM probes (AppNano, nominal spring constant k = 40 N/m,
cantilever length L = 140 µm) were customized for stress–strain analysis of
suspended ribbons. First, the spring constant of each cantilever was calibrated
using Sader’s method;106 the measured spring constants were in the range
k = 19–23 N/m. We followed the method of Heim and coworkers to correct all
measured forces for the 15° cantilever tilt in our instrument.107,108

To avoid puncturing the silk ribbons with these very sharp and stiff probes, we
blunted the tips after completing the spring constant calibration by dipping them
into liquid epoxy resin (ACE quick setting epoxy) under an iX-71 inverted optical
microscope (Olympus). This procedure formed an epoxy droplet with a diameter
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of 30–40 µm at the end of the cantilever, which was subsequently cured. The
cured tips were inspected via optical microscopy before use (Figure 2.4a,b).

Using the built-in optical microscope of the AFM, these probes were then
positioned midway on the suspended silk ribbon. The process of positioning the
probe was carried out using the built-in optical microscope of the AFM (Figure
2.4c). The epoxy sphere cannot be seen in this top view as it is located below the
cantilever, pointing away from the viewer. To ensure that the silk fiber was
contacted by the epoxy sphere (and not the cantilever directly), we created
overlay images combining the high-resolution images of the underside of the
probe with the top-view images showing the relative tip–sample position. An
example is shown in Figure 2.4d: the position of the silk fiber is indicated by the
white dotted line in this picture, showing that the epoxy tip is positioned exactly
above the silk fiber.

Based on the effective contact point of each ribbon on the cantilever, an
additional correction to the spring constant was applied. As shown in Figure 2.4d,
the point at which the silk fiber contacts the AFM probe was often displaced by a
significant distance ΔL from the end of the cantilever. This offset of the contact
point effectively stiffens the cantilever, which can be accounted for by introducing
an effective spring constant keff = k·L3/(L−ΔL)3 where k is the original stiffness of
the cantilever.109 This calibration was carried out for each experiment; the
corresponding values for keff were in the range 55–60 N/m, compared to original
stiffness values k of 19–23 N/m.
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Figure 2.4. Preparation and calibration of the AFM probes used to measure the stiffness of the
silk ribbons. (a) Cured spherical epoxy droplet attached to the end of a stiff AFM cantilever.
b) Close-up of (a). (c) Top-view of the AFM probe over the suspended silk ribbon (epoxy sphere
pointing away from viewer). (d) Registered overlay of (a) and (c) to visualize where the epoxy
sphere touches the silk ribbon.
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With the tip effectively positioned, force spectroscopy was then performed by
indenting the fiber with the probe (Figure 4.1b). The force curves had a range of
7.5 µm and were acquired at a velocity of 1.5 µm/sec, operating the piezo
scanner in closed-loop mode laterally and vertically. For fiber indentations
exceeding the 10 µm vertical piezo range we also utilized the vertical coarse
positioning system based on a motorized screw. This was done in several
stages, in which the screw was used first to carry out a larger translation of
several micrometers, followed by the acquisition of additional force curves. The
force curves from each of these stages (each depicted using a different color in
Figure 4.1c) were then combined to one master curve reflecting a total
indentation range > 30 µm.

The combination of force curves assumed that the silk behaved elastically at the
given strains. Indeed, at any level of tested indentation, we found that the force
curves were completely reproducible when a series of subsequent curves of the
same region were acquired. Figure 2.5 shows a series of 8 subsequently
acquired force curves. The curves overlap almost perfectly, with the only
deviation being a small offset in the force, while the shape of the curves is
indistinguishable. The most likely reason for this offset is a positional drift of the
AFM system (thermal drifts or creep). The total drift for all 8 force curves
corresponds to about 1 nm, which is well within the range of expected drifts for
an AFM system of this kind. From these results, we concluded that silk behaves
fully elastically.
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Figure 2.5. Series of eight subsequently acquired force curves. The curves overlap almost
perfectly. The relatively small offset between the curves is most likely due to positional drifts of
the system.
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To combine the force curves from subsequent indentations with the motorized
approach, we considered that such mechanical translations based on screws do
not achieve the accuracy and reproducibility of a piezo scanner, as they are
subject to play.110 Therefore, these mechanical translations introduce a small,
random offset in the height variable z after each actuation of the mechanical
motors, which needs to be eliminated before merging the data. However, the fact
that the restoring force of the fiber is strictly monotonic increasing as a function of
the z variable makes this procedure straightforward. The mechanical translations
were chosen small enough to ensure that there was an overlap of the force
curves before and after completing a coarse translation. The force curves were
then fitted together by minimizing least squares of the overlapping regions. The
shape of the resulting force curve (Figure 4.1c) is very smooth, confirming that
the approach of assembling this curve from individually measured pieces works
well.

The deflection sensitivity of the AFM was calibrated for each experiment by
acquiring force curves directly on the glass substrate and determining the slope
of the constant compliant regime.111 Force-vs-displacement curves were
converted to force-vs-distance curves.111 Due to the design of this experiment,
the maximal cantilever deflection was as small as about 200 nm, even for
indentation depths exceeding 30 µm; therefore, this conversion yielded unusually
small corrections.
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2.c. Optical and electron microscopy

2.c.i. Optical microscopy

Natural Loxosceles web structures were observed by opening a container and
imaging with a Nikon SMZ 800 stereo microscope (Figure 3.3b). Optical imagery
of looped Loxosceles silk (Figure 3.3c) was captured with an iX71 inverted
optical microscope (Olympus).

Natural spinning behavior was filmed by opening a spider’s capsule and imaging
at 60 frames per second (fps) with a Canon DSLR camera (Video 1). High-speed
video of restrained spinning was filmed at 1000 fps using a v1610 high-speed
camera (Phantom) affixed to a SMZ 800 stereo microscope (Nikon). Spinneret
activity was captured by anesthetizing and restraining a Loxosceles specimen
with CO2, then filming as the specimen revived. The spinning process was
captured from an angled view with all spinnerets active (Video 2) and with only
the right ALS and associated posterior spinnerets active (Video 3). False-coloring
and high-pass filtering of high-speed video images (Figure 3.3g–j) was
conducted using Gimp (www.gimp.org).

2.c.ii. Electron microscopy

Scanning electron microscopy (SEM) images of Loxosceles silk were acquired by
first applying silk to either an Alaus oculatus elytron (Figure 3.1), a Drosophila
melanogaster wing (Figure 3.2d), or carbon tape (Figure 3.3c). K. hibernalis silk
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was applied to carbon tape (Figure 3.4). Then, samples were coated with AuPd
and imaged at 1.5–5 kV using a FE-SEM (Hitachi S4700).

SEM images of Loxosceles spinnerets and setae (Figure 3.3) were acquired by
dehydrating an adult female Loxosceles in 70% ethanol, critically point drying
with a PVT-3B (Samdri), coating with AuPd, and imaging at 5 kV using a S4700
SEM (Hitachi). False-coloring of SEM images was conducted using Gimp.

Transmission electron microscopy (TEM) images of K. hibernalis silk (Figure 3.6,
Figure 3.7) were acquired by applying strands to a Formvar-coated grid, staining
with 2% uranyl acetate and Reynold’s lead citrate, and imaging (Zeiss 109 TEM).

2.d. Tensile testing

2.d.i. Recluse silk

To compare the mechanical properties of looped and non-looped strands of
recluse silk, testing via AFM-based force spectroscopy was not ideal because we
needed to strand the silk until it fractured; doing so in an AFM system would
require the use of expensive tips with atypically large spring constants. Instead,
we gained access to the most sensitive tensile tester on the market—a Keysight
UT150—that was just able to capture the force response of a Loxosceles strand
with a sufficient signal-to-noise ratio.
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Silk samples from 8 L. laeta individuals were tested, with approximately 3 looped
and 3 non-looped strands sampled and averaged for each individual to account
for natural sample variability and testing inconsistencies. 112 Some variation in
sampling per individual occurred due to sample loss during handling and testing
(Table 4.1). To conduct tensile testing of silk samples, each strand was first
applied across a 5-mm gap in a card stock “C”-frame by bringing the frame into
contact with the suspended silk with a micromanipulator. 24-hour epoxy (ACE)
was then applied to the silk at the frame edges and the silk was cut away from
the mandrel using a heated wire to avoid applying tension. Card stock squares
were precisely applied to each epoxy drop to ensure consistent adhesion up to
the gap edges. Each sample was inspected using a stereo microscope to
determine the exact gap width (L0) and, in the case of looped samples, to count
the number of loops (N). Tensile testing was performed using a UT150 tensile
tester (Keysight) with a 5 N load cell. After each frame was clamped in place, the
reinforcing edge of the frame was cut away to leave the silk freely suspended. If
required, the arms of the tensile tester were laterally adjusted to ensure correct
vertical alignment of the strand. Samples were tested at 1 mm/min.

The cross-sectional area of each individual’s silk was measured from a looped
strand deposited onto mica (Table 4.1). To encourage the silk to adhere flat to
the substrate, a 20 µL water droplet was applied to each mica sample and spincoated. This treatment was not found to substantially affect the calculated silk
dimensions (Figure 2.6). To find cross-sectional area, AFM contact mode
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Figure 2.6. Comparison of Loxosceles silk deposited on a Si substrate before and after wetting,
with wetting accomplished by deposition of a water droplet and spin-coating to dry. (a,b) Optical
microscopy images of dry and wetted silk, respectively, with approximate scanned areas
indicated by red boxes. Scale bars: 500 µm. (c,d) AFM scans of the same section of silk before
and after wetting, with sampled cross-sectional profiles indicated by blue lines. Scale bars: 4 µm.
(e) Comparison of cross-sectional profiles of the silk strand before and after wetting, with dashed
lines indicating the median height of each silk surface. Calculated cross-sectional areas: 0.407
µm2 dry, 0.372 µm 2 wet.
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scanning was conducted with a 0.27 N/m nominal spring constant tip
(BudgetSensors) in an NTEGRA Scanning Probe Laboratory (NT-MDT). AFM
scans were flattened and analyzed using Gwyddion (www.gwyddion.org).

Individual loop lengths (Ls) were measured with Fiji/ImageJ (http://fiji.sc/) by
inspecting a looped strand deposited onto mica. Loop size was quite consistent
for each individual during a single spinning session: on average, the loop size
standard deviation was 4% of the mean (Table 4.1). The total loop length for
each sample was found by multiplying the number of loops for the sample by the
mean loop length for the individual.

2.d.ii. Tape

For tensile tests of looped tape (Figure 5.7a–c), we employed heavy-duty
strapping tape (Shurtech) with a width of 24.2 mm and thickness of 0.130 mm.
This tape features a polypropylene film reinforced with fiberglass fibers and
coated on one side with a rubber-based adhesive. We found that reducing the
tape’s width to 6–14 mm best facilitated the formation of strong loop junctions.
Loop lengths were calculated to be α = 1.54±0.19 from the strain values at the
point of reloading after loop opening. An 810 Material Testing System (MTS) with
a 25 kN load cell was used for testing.

Strands with a folded morphology (Figure 5.7d–f) were fabricated using standard
label tape (Fisherbrand) with dimensions 25.4 mm × 0.123 mm; the length hidden
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in the fold was α = 0.497±0.003 (Table 5.2). Tensile testing on these folded fibers
was conducted using a 5848 MicroTester (Instron) with a 1 kN load cell. Initial
strand lengths and tape widths were measured using precision calipers
(Carrera). Tape thicknesses were tested using an MDC–1" PJ Digimatic
Micrometer (Mitutoyo).

2.e. Statistical methods

2.e.i. Fibroin assembly

Non-parametric measures of effect size (MES) were preferred over a standard
analytical null hypothesis significance test (NHST), such as a t-test, because of
the non-normality of the distributions (Figure 3.11b), the large difference in
sample size (for particle area, nRSF = 655 and nNSF = 51), and the susceptibility of
NHST to misinterpretation (which is especially pernicious when testing large
samples).113,114 We employed two MES that do not require normally distributed
data sets, Cohen’s U3 and the area under the receiver operating curve (AUROC).
Cohen’s U3 gives the proportion of data in the first set that falls below the median
of the second set, while the AUROC measures how well two distributions can be
separated by a single delineation value.114 Both of these tests therefore measure
the overlap between two distributions, with a result of 0.5 returned in cases of
perfect overlap and a result of 1 indicating that the population underlying the
second tested distribution is greater than the first underlying population.
Confidence intervals were calculated using 10,000 bootstrap iterations: in each
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iteration, new samples were created by randomly resampling from the existing
samples with replacement, and the MES was conducted on the new samples. 114

2.e.ii. Tensile testing

In our statistical comparison of looped and non-looped tensile test results, a
power analysis was first conducted to determine the sample size necessary to
detect the desired effect. Since looped silk was compared to non-looped silk from
each individual in a single spinning event, a paired analysis was deemed most
appropriate. The following two-tailed equation was used to perform the power
analysis112:

s ∙ (Z(αs ⁄2)+Z(β)) 2

n =(

we

)

(2.1)

where n is the number of samples (rounded to the nearest integer), Z is the
normal inverse cumulative distribution function, αs is the significance level of the
test (type I error), β is the type II error (power = 1 – β), s is the sample standard
deviation, and we is the effect that is desired to be detected. For all power
analyses and other tests, we used αs = 0.05 and β = 0.1 (90% power).

For power analysis, we assumed a mean strength of 1 GPa and standard
deviation of 0.25 GPa as estimates of Loxosceles silk properties since these
values roughly match those of prior findings for spider silk 98 and the stiffness and
extensibility of Loxosceles silk has been found to reflect those of other silks. 72
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Passieux et al. observed a ≈50% decrease in a looped fiber’s strength relative to
that of a non-looped fiber,115 so we conservatively opted to test for a 40%
strength decrease in Loxosceles silk; we thus let we = 0.4 GPa. The power
analysis calculation yielded n = 8.

We conducted several tests to verify our statistical results. Since looped and nonlooped silk samples were collected from each spider, we used a paired test to
compare the two silk types. We plotted looped v. non-looped and calculated the
correlation coefficient to determine the effectiveness of the pairing, with a result
near 1 indicating a strong result. The D’Agostino-Pearson omnibus K2 normality
test was used to evaluate the normality of each dataset before performing null
hypothesis significance testing.

Paired student’s t-tests of the paired strength and toughness data were
conducted using MATLAB (‘ttest’ function, version R2015b, MathWorks) to test
the null hypotheses that there was no difference in strength and toughness
between non-looped and looped strands. The 95% confidence interval (CI) was
calculated using the equation:

c=

T(1–αs ⁄2,n-1) ∙ s
√n

(2.2)

where c is half of the CI and T gives the Student's t-test inverse cumulative
distribution function for the inputs of cumulative probability and degrees of
freedom, respectively.112
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In cases where we failed to reject the null hypothesis, we inspected whether the
95% confidence interval fell within the 25% zone of equivalence to give a
measure of similarity between the two control and treatment datasets.

A similar procedure was executed in the analysis of tape tensile tests. For the
looped strapping tape samples, we assumed 5% standard deviation in tape
toughness and 22% toughness increase predicted by the model for a single loop
of size α = 1.5, and we conservatively desired to detect a 10% increase in
toughness. We conducted a two-sided, two-sample pooled t-test power analysis
using MATLAB (‘sampsizepwr’ function, ‘t2’ test type) because the data was
unpaired, yielding n = 7. We opted for 8 samples due to the ease of testing.
D’Agostino-Pearson normality tests were conducted, as well as F-tests to
evaluate whether to reject the assumption that both sets displayed equal
variances.

For tests of folded masking tape, we again assumed 5% standard deviation in
tape toughness. Because preliminary testing indicated a three or four-fold
increase in toughness due to folding, we conservatively desired to detect an
effect of 20% toughness increase. We conducted a two-sided, two-sample
pooled t-test power analysis using MATLAB to yield n = 3. With only three
samples, evaluated metrics of normality and equivalency of variance are
unhelpful;112 however, the plotted distribution of data (Figure 5.7f) does not
appear to indicate a severe deviation from the assumptions of normality or equal
variance.
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3. Thin silk structure

By conducting molecular-scale imaging of thin silks via atomic force and electron
microscopy, we aimed to elucidate the fundamental structure of silk at an
especially intriguing and understudied length scale. We focused on the silk of the
Chilean recluse spider (Loxosceles laeta), which was previously known to spin a
thin ribbon of silk about 50 nm thick.95,96 We then imaged the silk of a close
relative of the recluse, the southern house spider (Kukulcania hibernalis), whose
composite silk contains fibers that past studies suggested to be flattened.93,116–118
Finally, we induced assembly of native and reconstituted silkworm silk protein,
then imaged the resulting structures at the molecular scale. Morphological
features observed in all three of these systems—aligned nanofibrils containing
globular structures within—indicate a common mechanism of silk structure and
assembly. Furthermore, the discovery of hitherto undescribed structure and
metastructure reveal the potential of understudied silk models to offer powerful,
unexpected insights.

3.a. Recluse spider

3.a.i. Ribbon morphology

As revealed by SEM and AFM imaging, Loxosceles silk is a thin, flat ribbon of
uniform width and considerable flexibility. Figure 3.1 depicts several strands of L.
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Figure 3.1. The silk of the Loxosceles spider makes thin ribbons with an aspect ratio of 100:1 and
above. (a) Scanning electron micrograph (SEM) featuring several ribbons. (b) Side view showing
the thinness of the ribbon. (c) Due to their thinness, the fibers bend and wrinkle easily.
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laeta silk in various conformations, illustrating that the ribbons can easily bend
and wrinkle due to their extreme thinness. We observed that applying tension to
a ribbon induces a considerable degree of wrinkling, suggesting that they
undergo strain-induced crimping.

For quantitative, high-resolution structural characterization of the fibers, we
employed atomic force microscopy (AFM). Figure 3.2a depicts a 3D-rendered
AFM topography image of a fiber, featuring the edge of a ribbon (gold) placed on
a glass substrate (brown). The thickness and width of the ribbons was
determined by AFM topography cross-sections taken perpendicular to the fiber
orientation (Figure 3.2b). The Loxosceles ribbons we studied were 40–80 nm
thick and 6–9 µm wide, yielding cross-sectional aspect ratios in the range of
1:100–1:150 (Table 3.1). Dimensional fluctuations between fibers from a single
individual taken at different times were significantly less than the fluctuations
between fibers from different animals (Table 3.1).

The high aspect ratio, ribbon-like morphology of Loxosceles silk makes this
material unique in several respects. The ribbon is produced by extruding protein
from the spider’s major ampullate (MA) glands through a flattened spinneret
(Figure 3.3f),96 yielding a morphology in stark contrast to the cylindrical, 3–5 μm
diameter silks of other spider species. Comparably sized orb-weaving araneids
produce MA silks of cylindrical symmetry with diameters on the order of one to
several micrometers 119 that feature complex structures, typically with semihierarchical skin-core morphologies containing inclusions, nanofibrils, and layers
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Figure 3.2. (a) Tapping-mode AFM topography image featuring a ribbon (golden) placed on a
glass substrate (dark brown). The scale bar applies for lateral and vertical directions. (b) AFM
topography sections across different fibers. Each of the color families red, blue, and green
corresponds to a separate individual. (c) Tapping-mode AFM topography and (d,e) scanning
electron microscopy (SEM) detail featuring the “nanopapillae”. (f) The papillae may contribute to
the good adhesive properties revealed by the SEM image showing a Loxosceles ribbon adhered
to the elytron of an Alaus oculatus beetle (scale bar: 5 µm). Inset: higher magnification of the area
highlighted in the orange dotted square (scale bar: 500 nm).
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Table 3.1. Cross-sectional dimensions of Loxosceles silk determined via AFM. Flat strands of silk
from the same individual (all were adult females) were consistent in width and thickness, even
when the compared strands were harvested months apart.

Individual

Width (µm)

Thickness (nm)

n

A

8.8 ± 0.2

83 ± 6

2

A, later date

8.1 ± 0.4

82 ± 2

2

B

6.2 ± 0.1

41 ± 5

4

C

6.7 ± 0.4

45 ± 7

4

D

7.0

64

1
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of coatings.75,86 In contrast, Loxosceles silk ribbons with thicknesses of only
several tens of nanometers can accommodate only a few layers of protein
molecules from top to bottom; this implies a much simpler silk structure. Unlike
artificial silk films, the Loxo-ribbons are extrusion-spun from raw silk. Due the
thinness of the ribbons, all of the Loxosceles silk dope is in close proximity to the
walls of the spinneret during the extrusion process, where strong shear
differentials induce structural changes in the protein.76,88 For regular, cylindrical
silk, this happens only in the periphery of the fiber; it is thus likely that the silk in
the Loxo-ribbons essentially corresponds to the peripheral (“shell”) component of
regular silk. Loxosceles silk ribbons are thus an ideal model system to investigate
the fundamentals of silk, especially since their flatness facilitates a wide range of
experimental procedures that are unavailable or difficult to apply to a cylinder.
Importantly, the flat Loxo-ribbons are exceptionally suited for investigation via
scanning probe techniques to reveal further structural details. The tapping-mode
AFM data shown in Figure 3.2a and Figure 3.2c reveals a nanofibrillar surface
texture of the fibers with an average center-to-center distance of 11±2 nm
between individual nanofibrils. This nanofibrillar structure is confirmed by our
SEM data (Figure 3.2d,e) and is in agreement with previous transmission
electron microscopy evidence.96

A similar nanofibrillar morphology has been

discovered on the surface of other silks with cylindrical morphology,13,86,120
suggesting that the Loxosceles ribbons might be similar to the outer layers found
in other silks.

42

In addition to the nanofibrillar surface texture, our AFM imagery also reveals
surface structures that were not previously reported for any silk: point-like surface
features, “nanopapillae”, that ubiquitously populate the ribbon surfaces (Figure
3.2a and Figure 3.2c). They protrude at a height of 7.0±1.2 nm (n=25), which is
substantial compared to the 40–80 nm total thickness of the fiber. Furthermore,
with an apparent diameter of about 15 nm, it is probable that the papillae have an
aspect ratio of about 1, since AFM typically underestimates the height and
overestimates the width of nanometer-scale objects.121 The corroboration of
these structures via SEM imaging (Figure 3.2d,e), a technique which, unlike
AFM, has been extensively applied to other silks, asserts that the nanopapillae
are likely unique to the Loxosceles genus.

We suspect that these nanopapillae give rise to a functionality of the material.
One preliminary hypothesis offers that the nanopapillae alter the adhesive
properties of the fiber. Investigations of synthetic thin films provide potentially
relevant evidence suggesting that surface features of similar morphology (but
orders of magnitude larger in size) can significantly enhance adhesion. 122–124
Indeed, our evidence indicates that the Loxosceles ribbons exhibit strong
adhesion. Figure 3.2f shows an SEM image of a ribbon attached to the elytron of
an Alaus oculatus beetle. Clearly visible in the inset, the adhesion in the contact
area is strong enough to deform the adhered ribbon significantly. We conjecture
that the thinness of the ribbon and its resulting capability of deforming easily
promote enhanced adhesion: due to its flexibility, the ribbon can conform to the
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surface topography of objects it contacts. Consequently, it can establish
adhesive contact over a larger area in comparison to thicker, less flexible
materials. Hence, the Loxosceles ribbons represent a unique model system to
study a molecularly thin, free-standing, mechanically strong polymer film and the
resulting adhesive properties.

3.a.ii. Looped silk

Previous studies describe the recluse web as a disorganized cobweb typical of
spiders that target ground-dwelling prey.95,96 However, a close investigation of
the recluse web and spinning process revealed a previously unreported
metastructure of Loxosceles silk: the spider uses an intricate motion of its
specialized spinnerets to fashion the extruded silk ribbons into serial loops
(Figure 3.3b). The loops are held in place by silk-to-silk self-adhesive junctions
(Figure 3.3c) that act as sacrificial bonds, as they can open above a certain
tensile force without rupturing the ribbon. The loops also appear necessary to
stabilize the silk’s ribbon-like morphology: when forcibly extracted into straight
strands, the silk collapsed into narrow, rolled cylinders (Figure 3.3d). Spun
naturally, the looped silk accumulates into bales that the spider deposits as it
traverses about its lair, forming a disorganized web of silk clumps strung between
extended supporting lines (Figure 3.3a–b, Video 1).

Loxosceles employs a complex and, to our knowledge, unique spinning
mechanism to produce its looped silk (Figure 3.3k–n, Video 3). High-speed video
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Figure 3.3. Loxosceles silk loops and spinning mechanism. (a) A restrained Loxosceles
specimen spins a bale of looped silk (inset). (b) Optical microscopy image of a looped
strand. (c) SEM image of a loop junction. (d) SEM image of forcibly extracted, rolled-up
Loxosceles ribbon. (e) False-colored SEM and (e’) accompanying schematic of the
Loxosceles spinnerets, showing anterior lateral spinnerets (ALS, green), posterior median
spinnerets (PMS, magenta), posterior lateral spinnerets (PLS, blue), and colulus (C, a
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vestigial structure). (f) Flattened major ampullate spigot. (g) Posterior spinnerets poised to
interweave. (h,i) PLS plate-like seta. (j) PMS tapered seta. (k–n) High-speed video frames
of the Loxosceles spinning motion and (k’–n’) accompanying schematics, with only the
spider’s right ALS active (Video 3). The time stamp of each stage is shown in the top-right
corner, with the time required to complete the displayed spinning stroke indicated in
parentheses in (k).
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revealed that two looped ribbons are simultaneously produced by a coordinated
motion of three spinneret pairs: the anterior lateral spinnerets (ALSs), posterior
median spinnerets (PMSs), and posterior lateral spinnerets (PLSs) (Figure
3.3e,e’). Loops are formed by a sewing motion of each ALS coupled with a
clamping motion of the same-side PLS and opposite-side PMS. On each stroke,
a length of silk is first extruded (Figure 3.3k,k’) from the flattened major ampullate
spigot found at the apex of each ALS (Figure 3.3f).95,96,125 The ALS then pivots to
meet the posterior spinnerets, with the same-side PMS holding the strand in
place (Figure 3.3l,l’). The resulting loop is clamped by an interweaving of the
same-side PLS and opposite-side PMS (Figure 3.3g,m,m’). The setae (hairs)
covering these posterior spinnerets are notable for their distinctive shape and
surface morphology, which appear to facilitate fiber clamping. The plate-like PLS
setae (Figure 3.3h,i) and tapered PMS setae (Figure 3.3j) interweave (Video 3),
seemingly to encourage ribbon-to-ribbon bonding. Also, all setae feature distally
directed nodules tapering to 100–150 nm at their ends (Figure 3.3i,j). We suggest
these nodules facilitate a secure clamp by preventing slippage towards a seta’s
base, and they enable a smooth release by minimizing adhesion onto the rough,
nodular surface.126 Finally, the anterior spinneret performs its upstroke, the
posterior spinnerets execute a slight posterior shift to make room for another
loop, and the same-side PMS releases its hold (Figure 3.3n,n’). The spinning
process repeats at 10–15 Hz, with the two ALSs oscillating at a 180-degree
phase difference to produce two looped strands.
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The impact of loops on the strand’s tensile response is discussed in Section
3.b.ii., while a looped fiber model is developed and discussed in Section 3.c.

3.b. Southern house spider

To conduct a more detailed investigation of the presence and role of nanofibrils
in silk structure, we investigated the unique composite silk spun by a cribellate
spider species, the southern house spider (Kukulcania hibernalis). A cribellate
strand is a type of composite silk featuring reinforcing strands and a fibrillar
mesh, with the fibrils comprising the mesh reported as typically 20–100 nm in
diameter.93,94 These fibrils are extruded from the cribellum—a plate on the rear of
the abdomen containing hundreds of tiny nozzles—before being combed into a
mesh by the spider’s rear legs.93,127,128 In contrast to the more well-known orbweb silks, which capture prey using regularly spaced glue droplets, 54,129 a
cribellate strand ensnares prey in its capture mesh via entanglement, van der
Waals forces, and capillary adhesion.130,131 To our knowledge, cribellate fibrils
have never been imaged by atomic force microscopy (AFM), an imaging
technique with molecular-scale resolution that has the potential to complement
SEM and TEM to reveal novel morphological and mechanical insights. 72,85,132

To gain a deeper understanding of this important thin silk system, we
investigated the incomparably thin cribellate fibrils of the southern house spider
(Kukulcania hibernalis). A widespread species in the southern U.S., Central
America, and South America, K. hibernalis belongs to the most ancient extant
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family (Filistatidae) within an ancient spider superfamily (Haplogynae) that also
contains the Loxosceles genus.125 Similar to Loxosceles silk, the main reinforcing
fibers and mesh fibrils in K. hibernalis cribellate silk are reported to be ribbonlike.93,116–118 To more fully investigate this important thin silk system, we
conducted high-resolution AFM, SEM, and TEM imaging of K. hibernalis
cribellate silk. Our results show K. hibernalis cribellate fibrils to be the thinnest
silk strands ever studied and reveal important silk assembly, prey capture, and
phylogenetic implications.

SEM and optical microscopy of K. hibernalis cribellate silk revealed its composite
structure: a mesh of fibrils anchored by three types of reinforcing fibers (Figure
3.4). To support the capture mesh, a foundational fiber serves as the guiding
backbone, the primary reserve warps (RW1s) are helically arranged, and the
secondary reserve warps (RW2s) are dispersed throughout the mesh. SEM
images show the RW1s to be flattened and larger than the other fibers, with the
smaller, cylindrical RW2s and even smaller cribellate fibrils interweaving to form
the mesh. Altogether, the heterogeneous elements form a robust network that
the spider adheres to a surface in a radiating pattern, with its crevice lair at the
center.93,125

To investigate the structure and morphology of the flattened RW1s, we
conducted high-resolution SEM and AFM imaging (Figure 3.5). AFM scanning
revealed a roughly 4:1 aspect ratio for the strands, with a width of ca. 2 µm and
thickness of ca. 600 nm (Figure 3.5b–c,f). Strikingly, both SEM and AFM showed
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Figure 3.4. The cribellate capture strand of Kukulcania hibernalis. (a) Optical image of the
cribellate composite. The primary reserve warp (r1) forms helical loops around the central
foundation fiber (f). (b) Schematic of the cribellate strand. (c–e) SEM images displaying the
flattened primary reserve warp (r1), cylindrical secondary reserve warp (r2), and fibril mesh (m)
components of a capture thread.
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Figure 3.5. The primary reserve warp of Kukulcania hibernalis silk. (a) SEM of the primary
reserve warp and attached fibrils. (b) AFM contact mode scan of a primary reserve warp, with a
cross-section (red) shown in (c) along with cross-sections from other scans. (d) SEM and (e) AFM
of the primary reserve warp’s nanopapillated surface. (f) Three-dimensional rendering of an AFM
contact mode scan, with proportional x and y axes.
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protrusions dispersed across the RW1 surface (Figure 3.5a,d–f). Similar
protrusions were observed in our previous study of Loxosceles silk and dubbed
“nanopapillae.”72 We measured the K. hibernalis nanopapillae to be 10.2 ± 1.8
nm in height and 33 ± 3 nm in full width at half-maximum height (n = 13).

The secondary reserve warps (RW2), as revealed by SEM and TEM imaging, are
cylindrical in cross-section with a diameter of ca. 200 nm (Figure 3.6). Staining
and TEM imaging show an aura surrounding the RW2 surface, suggesting that
the fibers possess a surface coating that may be analogous to the lipids and
glycosaccharides found on the surfaces of other silks (Figure 3.6b).75 The RW2
fibers are closely integrated into the fibril mesh, with the fibrils adhering readily to
the cylindrical strands (Figure 3.4c–e, Figure 3.5).

The fibrils comprising the cribellate mesh were imaged by SEM, TEM, and AFM
(Figure 3.7). The results show that the fibrils feature a ribbon-like morphology,
with an average thickness of 5.1 ± 0.9 nm and width of 30.2 ± 7.8 nm (n = 27).
The fibrils were observed to roll up into themselves, adhere to one another at
junctions, and combine to form wider, overlapping ribbons (Figure 3.7a–d). In
some cases, they showed a tendency to split into two sub-nanofibrils Figure
3.7e), and one fibril previously exposed to the harsher forces of contact mode
scanning was observed to separate into even smaller components, including a
sub-fibril measuring only 10 nm in width (Figure 3.7f). The nanofibril surface
features protruding nodes observed in both TEM (Figure 3.7c) and AFM
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Figure 3.6. The secondary reserve warp (r2) and attached fibrils (fi). (a) SEM image of the
secondary reserve warp. (b) TEM image of fibrils adhered to a secondary reserve warp.
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Figure 3.7. Fibrils comprising the K. hibernalis cribellate mesh. (a) SEM image of fibrils adhered
and looped with one another to form the cribellate mesh. (b) TEM image of fibrils rolled up into
themselves and one another. (c,d) TEM of ribbon-like fibrils, with occasional darker areas of
greater density (purple arrows). (e) Contact mode AFM scans indicate a fibril height of 5 nm and
width of 45–55 nm (cyan cross-section). In several areas, a fibril splits into two cylindrical cords
(inset, blue cross-section). (f) AFM scan of fibrils, with protrusions populate visible (purple
arrows). A miniscule strand only 1 nm high and 10 nm wide (inset, green cross-section) split off
from a fibril because of the scanning force. Scale bars: 200 nm. Inset scale bars: 50 nm.
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(Figure 3.7e–f) that appear similar to the nanopapillae observed on the RW1s
(Figure 3.5).

At 5 nm thick and 30–40 nm wide, a Kukulcania fibril is the smallest silk ever
measured; compared to the 65 nm-diameter embiid silks or 20–100 nm-diameter
cylindrical cribellate fibrils, K. hibernalis fibrils are clearly thinner.30,90,92,133 AFM
and TEM show the fibrils to be ribbon-like in morphology, although AFM scans
seem to indicate that they possess a rounded cross-section (Figure 3.7e–f).
Rounded edges are common in typical AFM scans of any feature at this length
scale due to force averaging between the AFM tip and substrate, as well as
convolution of the rounded AFM tip with the feature’s morphology.121 Thus, the
width of about 38 nm measured in TEM images is expected to be more reflective
of the true width than AFM cross-section. However, the 5 nm fibril thickness
measured by AFM is expected to be more reliable, since the greater width of the
fibril relative to that of the AFM tip makes widening due to force averaging and
convolution unlikely.121 TEM images of the fibrils rolling and twisting reinforce the
attribution of a thin ribbon morphology (Figure 3.7a–d). Our characterization of
Kukulcania fibril morphology resolves a discrepancy in the literature. Most
studies have reported that Kukulcania fibrils are ribbon-like,93,116–118 in contrast to
the cylindrical morphology of other cribellate fibrils.93 However, a recent study
described K. hibernalis fibrils to be cylindrical.30 Our results definitively show that
the fibrils are ribbon-like.
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Due to their diminutive size, the morphology of the fibrils and their response to
perturbation can provide insight regarding the fundamental assembly properties
of silk. The splitting of a fibril into two sub-nanofibrils is particularly interesting, as
the 10 nm-diameter nanofibrils (Figure 3.7f) appear to match the dimensions of
the “base nanofibrils” observed in several other studies of native silk13,73,134 and
artificially assembled silk.71,85,88 Our results show that AFM scanning can
manipulate these nanofibrils individually and pull them apart, introducing the
possibility that their mechanical properties can be precisely probed using the
AFM.103,135,136 This study and many others suggest that these “base nanofibrils”
are the fundamental modules of mesoscale fibril assembly. Thus, K. hibernalis
fibrils offer the closest natural approximation of the base unit of silk assembly,
allowing the fundamentals of silk structure and formation to be clearly studied.

A flattened silk morphology was also observed in K. hibernalis RW1s (Figure
3.5). These are similar to the major ampullate silk of the recluse genus of
spiders, although the aspect ratio of Loxosceles silk (6–8 µm wide and 40–80 nm
thick) is far more extreme.72 A flattened spigot would be expected to produce a
ribbon-like strand, and indeed, the spinnerets of both Loxosceles and Kukulcania
feature flattened spigots.125 The observation of flattened silk in two species with
similar prey capture pressures (i.e. ground-dwelling prey) implies that the trait
confers some fitness advantage, and as indicated by the flattened spigots
observed in several other understudied haplogyne spiders, 30,125 a flattened silk
morphology may be far more prevalent than previously acknowledged. One
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plausible advantage of a flattened strand could be its mechanism of adhesion.
Unlike the viscid silk spun by orbweaving spiders, the silk spun by haplogynes
and other non-viscid spiders relies on van der Waals, electrostatic, and
hygroscopic forces to adhere to prey.130,131,137 In all of these cases, an enhanced
surface area-to-volume ratio is preferable to maximize the adhering force relative
to the amount of material deployed, and a flattened strand delivers a substantial
surface area-to-volume advantage. Novel phylogenetic insights may be revealed
with further study; for instance, the more severe aspect ratio of Loxosceles silk
may have allowed the species to lose the costly cribellate mesh without
significant sacrifices in adhesion.

Another interesting parallel exists between K. hibernalis and Loxosceles silk: the
organizational metastructure of the largest reinforcing fibers. K. hibernalis RW1s
are arranged helically (Figure 3.4), suggesting a circular motion of the major
ampullate spinnerets as the silk is extruded and combed into a cribellate
composite,93 and indeed, we observed movement of these spinnerets during
spinning. Recently, we also discovered spinneret motion in Loxosceles
spinnerets: an intricate sewing motion that arranges their ribbon silk into loops.138
The loops act as sacrificially bonded hidden length in the strand—a
metastructure that, as we showed through modeling and a proof of concept, can
enhance the overall toughness of a fiber. The toughness of K. hibernalis silk has
never been measured—and as far as we know, neither has the silk of any other
cribellate silk—because measuring the cross-sectional area of a cribellate strand
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is extremely challenging. However, the force to fracture other cribellate silks has
been tested, and it was found that the use of hidden length allows cribellate
strands to be especially extensible and resilient to fracture. 139 Notably, the silk of
Deinopis spinosa was found to be the strongest and most extensible of several
tested cribellate silks by far, a result the authors attributed to D. spinosa silk’s
coiled reinforcing fibers. Like a looped strand of Loxosceles silk, the coiled D.
spinosa strand appears to use sacrificially bonded hidden length to increase the
energy absorbed by the silk before fracture.139 The presence of coiled RW1s in
K. hibernalis silk is another apparent example of the use of hidden length in
spider silk, and a tensile test of a K. hibernalis strand is expected to yield
impressive results.

Kukulcania and Loxosceles silk share yet another commonality: the presence of
nanopapillae, surface protrusions that are as of yet unreported for any other
silks.72 The K. hibernalis nanopapillae are somewhat larger than those of L. laeta,
which have a height of 7.0 ± 1.2 nm and full width at half-maximum of ca. 15
nm,72 but the shape and distribution are similar between species. The function
and nature of the nanopapillae is unknown, although their presence on 600 nmthick K. hibernalis silk invalidates the theory that they only occur in extremely thin
silks due to limitations in the assembly of spidroin molecules. Instead, they could
be the result of a different spidroin structure: Kukulcania silk is composed of
three spidroins instead of the typical two, and while these proteins exhibit the
repetitive, A- and G-rich motifs seen in all silks, the repetitive regions are not as
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conserved as those of orb-weaving silk proteins and exhibit an abundance of
unusual (GV)n motifs.48 The function of the nanopapillae, if any, is also obscure
at this time. Protrusions on the surface of polymers have been demonstrated to
enhance adhesion; thus, the same mechanism could have conferred a fitness
advantage in nanopapillated silk and facilitated its evolution. However, the RW1
is nestled within the cribellate composite, making its prey-adhesive functionality
less pronounced that of Loxosceles silk, although enhanced adhesion of RW1s
to RW2s and fibrils and would yield stronger bonding between elements of the
cribellate composite. Alternatively, the nanopapillae could be byproducts of some
other assembly structure or process, exerting no influence on the silk’s function;
further study is needed.

3.c. Fibroin molecular-scale assembly

With silk structure observed at the molecular scale in two native models, we
sought to further probe the fundamental structure of silk in vitro. To do so, we
assembled silkworm silk, which is easily obtained, using a methodology that
mimics natural spinning, then imaged the results using gentle, high-resolution
AFM scanning. We applied this assembly routine to two important types of
silkworm silk: native silk fibroin (NSF) reconstituted silk fibroin (RSF), where NSF
served as the native benchmark and RSF is a widely-used source in many silk
research studies and biomedical devices.
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To induce assembly in each sample, we applied shear and rapid water loss—
critical elements of in vivo assembly whose precise effect on the silk molecule
are as of yet unresolved.54,55,67 Simply spin-coating a droplet of aqueous fibroin
onto a substrate induced the desired shear in a controlled manner.140–142 This
technique is in contrast to most previous morphological studies of fibroin, which
used heat,87,102,143 cyclic concentration and dilution,87,101,144,145 slow-drying,146,147
alcohol,9 pH,62,102 flow in a rheometer,68,71 or electrospinning101,147,148—mostly
unnatural conditions—to facilitate silk assembly. Previously, we studied the result
of spin-coating NSF: the fibroin spontaneously forms straight nanofibrils,
hundreds of micrometers long and often bundled.88 These structures resemble
the fibrillar meso-structure observed on the surface of naturally spun silkworm
and spider silk fibers remarkably well,13,72,134 which further points to a significant
relevance of shear in the natural spinning process.

3.c.i. Comparison of NSF and RSF assembly

To compare the molecular-scale behavior of NSF and RSF under shear, we first
spin-coated dope samples onto mica. Prepared at a concentration of 1000 mg/L,
NSF formed long, straight nanofibrils atop a bed of globular protein (Figure 3.8a),
as previously described.88 These nanofibrils exhibited the typical “beads-on-astring” morphology, reaching an apparent height121 of 3.4±0.5 nm and width of
27±4 nm. The very same experiment with RSF, also at a concentration of 1000
mg/L, revealed that RSF failed to show any assembly into nanofibrils or any other
discernible morphology (Figure 3.8b); instead, we only observed a uniform,
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Figure 3.8. Non-contact AFM scans revealing the morphology of native silk fibroin (NSF, top row,
red frame) and reconstituted silk fibroin (RSF, bottom row, blue frame). Under shear, 1000 mg/L
NSF formed long, straight nanofibrils atop a bed of globular protein (a), while sheared 1000 mg/L
RSF produced only globules (b). Shearing 10 mg/L dope resulted in long, coiled NSF nanofibrils
(c) and short, branched RSF nanofibrils (d). Non-sheared samples at lower concentrations
displayed a globular protein morphology: 10 mg/L NSF (e) and 100 mg/L RSF (f). Color bar: 7.5
nm for panels (a) and (b); 2 nm for panels (c)–(f).
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globular bed of protein. This experiment already demonstrates that the selfassembly of RSF is substantially different from NSF: while NSF assembles into
nanofibrils atop an underlying distribution of globules when exposed to shear via
spin-coating, RSF forms only the globular bed.

Molecular self-assembly under shear was also observed when even lower
concentrations were studied. Spin-coating 10 mg/L NSF dope yielded long,
coiled nanofibrils of apparent height and width of 0.8±0.1 nm and 13±3 nm,
respectively (Figure 3.8c), matching previous observations.88 However, these
nanofibrils are distinctly different from the 3.4 nm-high, 27 nm-wide, straight,
beaded nanofibrils formed at higher concentrations (Figure 3.8a). In contrast, the
low-concentration

nanofibrils

displayed

a

more

irregular

morphology:

interspersed globules, rod-like junctions, and other disordered components
appear to form the nanofibril substructure (inset, Figure 3.8c). Interestingly, the
RSF, which did not show any tendency of shear-induced assembly at the higher
concentration of 1000 mg/L (Figure 3.8b), did exhibit assembly into nanofibrils
when sheared at the lower concentration of 10 mg/L (Figure 3.8d). Compared to
NSF, the RSF nanofibrils appear shorter and more branched, with slightly greater
height (1.0±0.2 nm) and nearly equivalent width (13±2 nm). Similar selfassembling morphology of RSF has been reported in the literature, except that
assembly was triggered by treatments other than shear in these cases, e.g. slowconcentrating,

drying

with

compressed

air,

heating,

or

alcohol

treat-

ment.87,103,104,146,149–155 The size of the nanofibrils rules out the possibility that
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they are individual, denatured proteins, as their volumes (>1000 nm 3) are far
greater than the 180–450 nm3 volume of a single NSF molecule.104,150 We note
that the lateral dimensions of the imaged protein structures are of the same order
as the size of the AFM probes used, and consequently, the apparent widths are
most likely overestimated and heights underestimated relative to their true
values.121,156 Therefore, precise determinations of dimensions and volumes are
very challenging. Nevertheless, relative comparisons to other AFM data, as well
as coarse general assessments are feasible and useful.

To determine the role of shear in the molecular self-assembly of NSF and RSF
fibroin, non-sheared low-concentration NSF (10 mg/L) and RSF (100 mg/L)
samples were studied (Figure 3.8e and Figure 3.8f). In both cases, the evidence
suggests the presence of individual fibroin molecules with a globular morphology,
which aggregated into small clusters in many cases. However, many globules
were isolated enough to allow us to estimate their dimensions: 15±4 nm in width
and 1.0±0.2 nm in height for NSF, 13±3 nm in width and 0.6±0.1 nm in height for
RSF. The calculated volumes of the globules fell into the range 100–350 nm3,
which is in agreement with previous volume calculations of an individual fibroin
molecule (180–450 nm3).104,150 Assigning a globular morphology to an individual
silk protein is also in agreement with previously published AFM data of nonsheared fibroin88 and computational assessments of native fibroin conformation
based on scattering results.89,144 Even at higher concentrations (1000 mg/L),
scans showed only globules on the surface, albeit completely covering the
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surface (Figure 3.9). It is notable that for both RSF and NSF, shear was
necessary for the silk to adopt fibrillar assemblies, where only globules were
observable in non-sheared samples.

3.c.ii. Transition from low to high concentration RSF

In our experiments, RSF exhibited shear-induced self-assembly only at the low
concentration of 10 mg/L and not at the much higher concentration of 1000 mg/L.
At what concentration does this highly significant change in behavior occur, and
why? To address these questions, we sheared RSF at “quasi-logarithmically”
increasing intermediate concentrations—20 mg/L, 50 mg/L, 100 mg/L, 200 mg/L,
500 mg/L—and imaged the resulting structures (Figure 3.10). At concentrations
10 mg/L–200 mg/L (Figure 3.10a–e), the nanofibrils share a similar morphology
as those observed in the 10 mg/L scans: they are short, branched structures. At
concentrations of 200 mg/L and below, the protein coat was mostly restricted to
the height of a monolayer, i.e. it did not stack, and fibers did not cross each other
to form structures more than one layer high. There are areas, however, where
protein appears to have accumulated past the single layer in larger globules
(insets of Figure 3.10a/e/f). These globules protrude from clumps of nanofibrils to
heights of 6–7 nm and widths of 60–80 nm, about six times wider and taller than
the nanofibrils (Figure 3.10g). At a concentration of 500 mg/L (Figure 3.10f),
nanofibrils are no longer visible, and the surface is completely covered in a
globular layer like that observed in sheared 1000 mg/L RSF (Figure 3.8b).
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Figure 3.9. Non-sheared 1000 mg/L NSF displayed a globular morphology only, with no evidence
of the long, straight nanofibrils observed in the sheared 1000 mg/L NSF samples. Color range: 10
nm.
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Figure 3.10. Shear-induced assembly of RSF at concentrations of 10 mg/L (a), 20 mg/L (b), 50
mg/L (c), 100 mg/L (d), 200 mg/L (e), and 500 mg/L (f). The 500 mg/L sample displayed a
globular structure ((f) inset), while all other concentrations showed RSF assembling into short,
branched nanofibrils ((a) inset). The (a), (e), and (f) insets feature multi-layer globular aggregates
observed at all concentrations. Scale bars: 1 μm. Color bar: 3 nm for panels (a)–(e), 7 nm for
panel (f).
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3.c.iii. Quantitative analysis of low-concentration assembly

The low-concentration scans of NSF and RSF displayed distinctive qualitative
differences in morphology. We were interested to objectively verify these
differences in a quantitative way and thus applied image analysis tools and
carried out a rigorous statistical analysis of the results.

As schematically shown in Figure 3.11a, we measured two morphological
aspects for each continuous protein assembly: its total footprint area, and branch
length of its fibrillar network. These processing procedures were carried out for
the AFM data of the 10 mg/L NSF and 10 mg/L, 20 mg/L, 50 mg/L, and 100 mg/L
RSF samples. For the higher concentrations of 200 mg/L, 500 mg/L, and 1000
mg/L, the protein formed a fully connected network on the substrate, rendering
our procedure ineffective due to the lack of individually assembled structures with
finite size.

To demonstrate that our technique of particle and nanofibril length analysis yields
reliable quantitative results, we analyzed the consistency of nanofibril
morphology across multiple scanning areas of the same sample, as well as
across multiple samples of equivalent concentration. We collected multiple scans
from samples of the same concentration by moving our scanning area in 5 μm or
10 µm intervals along a radial axis (relative to the spin-coating center) of each
sample. Upon inspection, these equivalent concentration scans appeared to
retain a similar surface coverage and morphology, and scans from a different
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Figure 3.11. (a) Illustration of our processing procedure. (b) Distributions of continuous particle
area (purple axes) and nanofibril branch length (green axes) for 10 mg/L RSF (blue points) and
NSF (red points). The right-skewed data was plotted on a log scale with overlaid boxes to indicate
the first quartile, median, and third quartile of data. (c) Effect size measurements and 95%
confidence intervals of the difference between RSF and NSF particle area (purple) and nanofibril
branch length (green) as assessed by Cohen’s U3 (U3) and the area under the receiver operating
curve (A). (d) Mean particle area and (e) mean nanofibril length observed in scans of RSF
assembled structures. The dotted lines represent the first-order lines of best fit to the means.
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prep appeared similar as well (Figure 3.12). We then conducted Kruskal–Wallis
tests on the same-concentration nanofibril length samples to test the null
hypothesis that the samples were drawn from the same distribution. Since the
returned P-values were all 0.14 or greater (Table 3.2), we failed to reject the null
hypothesis—which, for such large sample sizes, makes our failure to reject the
null hypothesis especially noteworthy. Additionally, the close agreement in area
fraction between scans of the same concentration across different preparations
asserts the rigor and consistency of our experimental setup (Figure 3.13).

We then conducted quantitative analyses of the 10 mg/L NSF and RSF samples
(Figure 3.11b). The assembly areas were highly skewed; we thus displayed the
results on a logarithmic scale (Figure 3.11b, purple axes) with medians, first and
third quartiles indicated. NSF particles displayed a median area of 6.50 × 10 3
nm2, with a first quartile at 1.56 × 103 nm2 and third quartile at 19.1 × 103 nm2;
the RSF particles exhibited a median of 1.22 × 10 3 nm2, with first and third
quartiles at 0.600 × 10 3 nm2 and 2.89 × 10 3 nm2, respectively. Hence, the
assembly sizes were far greater for NSF casts, with a median area ≈5 times
larger than median area of RSF casts; the NSF median area was even more than
twice as large as the third quartile of RSF assembly areas. To further test the
magnitude of the difference between the asymmetric RSF and NSF distributions,
two non-parametric measures of effect size were applied. The skew of the
sample data and the large difference in sample size (NRSF = 655, NNSF = 51),
which is unavoidable due to the nature of the sampling, made a non-parametric
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Figure 3.12. Scans of sheared 100 mg/L RSF at four different locations on the same sample (a-c)
and on a separate date, with a different sample and different tip (d). The consistency in nanofibril
morphology between images supports our claim that our quantitative analysis results are robust
and representative. Scale bars: 1 µm. Color bar: 2 nm.
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Figure 3.13. Area fraction of fibrillar coverage in scans of RSF (blue) and SF (red) assembly. To
obtain an area fraction, images were first thresholded using a consistent standard relative to each
scan’s histogram. Each area fraction was corrected by the scan’s nanofibril width (see above).
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Table 3.2. Kruskal–Wallis tests of nanofibril branch lengths for each concentration, where the
tested null hypothesis is that the branch length distributions from separate scanning areas were
sampled from the same distribution.

Number of
distributions
tested

Mean
number of
nanofibrils
per
distribution

P-value

10 mg/L RSF

4

297

0.14

10 mg/L SF

2

284

0.16

20 mg/L RSF

2

653

0.86

50 mg/L RSF

4

1098

0.42

100 mg/L RSF

4

3357

0.22

200 mg/L RSF

4

10,575

0.14

Distribution
tested
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measure of effect size preferred over an analytical null hypothesis significance
test.114 The two measurements we employed, Cohen’s U3 and the area under the
receiver operating curve (AUROC), both indicate the overlap between two
distributions, with a result of 0.5 returned in cases of perfect overlap and a result
of 1 indicating minimal overlap. Additionally, a result near 1 is strong evidence
that the population underlying the second tested distribution (for us, NSF) is
greater than the first underlying population (RSF). Our tests returned 95%
confidence intervals in the 0.7–0.9 range (Figure 3.11c, purple bars), suggesting
fairly strong support for the conclusion that 10 mg/L NSF assemblies formed
under shear possess a greater continuous area than those of RSF.

Nanofibril length was also tested as another quantitative metric to determine if
one starting product produced longer segments without branching than the other.
Skewed distributions were again obtained, but the separation between NSF
median branch length (65.7 nm) and that of RSF (51.2 nm) was not nearly as
wide as between particle area medians (Figure 3.11b, green axes). When the
same measures of effect size as were applied, 95% confidence intervals in the
0.5–0.7 range were returned, indicating a weaker case for longer NSF nanofibrils
(Figure 3.11c, green bars). These results could indicate either that NSF
nanofibrils are perhaps only slightly longer than RSF nanofibrils, or that our
method of assessing branch length masks the true effect. For instance, a loop in
an unbranched nanofibril would be recognized as three distinct branches by our
algorithm (Figure 3.11a).
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For RSF, we further analyzed the concentration regime from 10 mg/L–100 mg/L
and found that the mean particle areas increased with concentration in an
approximately linear fashion (Figure 3.11d), in parallel with the observed
monotonic increase in surface coverage as a function of concentration (Figure
3.13). This increase in the mean particle area reflects the apparent growth in
continuous particles with increasing concentration (compare Figure 3.11a and
Figure 3.11c), as the mean is more affected by large outliers. No such increase
was observed in plots of particle area medians (Figure 3.14) or nanofibril length
means (Figure 3.11e).

3.c.iv. Regimes of assembly

Based on our interpretation of the results, we propose the following modes of
NSF and RSF assembly during spin-coating at different concentrations (Figure
3.15). In the absence of shear, we observed globular features for both NSF and
RSF that, by their size and morphology, are likely individual silk proteins or
clusters thereof (Figure 3.8e–f, Figure 3.15a–b). At higher concentrations, we
only saw higher aerial densities of globules, up to full coverage of the substrate
(Figure 3.9). We note that only this globular morphology was observed in the
absence of shear for both RSF and NSF; we did not observe self-assembly in
any unsheared sample at any concentration (other than trivial clustering). Our
evidence thus suggests that shear is a necessary trigger for the self-assembly of
fibroin molecules. We further suspect that the sensitivity of fibroin to shear is so
high that even samples inadvertently exposed to shear—e.g. by blow-drying,
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Figure 3.14. Sizes of particles in 10 mg/L–100 mg/L RSF scans, with the x and y axes log-scaled.
Each blue data point represents a single particle area (randomly x-displaced from its
concentration for ease of viewing), each black circle is the mean of the concentration, and each
box represents the first quartile, median, and third quartile of the concentration.

75

Figure 3.15. Schematic of NSF and RSF assembly on mica substrate. Non-sheared NSF (a) and
RSF (b) formed globules that sporadically aggregated. (c–g) Shearing NSF and RSF triggered
protein assembly into nanofibrils. 10 mg/L NSF (c) assembled into more continuous, coiled
nanofibrils, while 10 mg/L RSF (d) formed shorter, more branched nanofibrils. While the
nanofibrils mostly occupied a single layer, globular islands pushed past a single layer of coverage
(e). At 1000 mg/L, sheared NSF (f) and RSF (g) completely covered the surface in a globular
layer, but only in NSF scans were long, beaded nanofibrils (yellow) observed atop the globules.
The apparent differences in NSF and RSF assembly morphology are likely due to disruption of
the fibroin molecule during reconstitution.
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shaking, or mixing—would undergo self-assembly. This may explain why some
studies in the literature report self-assembly in freshly prepared silk samples,
even when shearing of samples is not explicitly mentioned. 150,151

When shear was introduced to RSF and NSF dope solutions at 10 mg/L, a dilute
coverage of the substrate with nanofibrils resulted for both (Figure 3.15c–d). The
nanofibrils were far too large to represent individual proteins; they are assemblies
of several molecules and/or molecular fragments. The nanofibril morphology
featured rod-like junctions and disordered regions between globular nodes
(Figure 3.8c,d).88 These observations suggest that the native protein may have
been denatured during casting, likely by the combined influences of shear, low
concentration, and the substrate surface. This is in line with previous reports that
shear partially unfolds the silk molecule, exposing its hydrophobic elements to
the aqueous environment and inviting oligomerization with other fibroins;60 a
small angle neutron scattering study of native silk protein in aqueous solution
suggested that at low protein concentration the protein unfolds. 99 Furthermore,
based on protein adsorption theory and past studies of other large proteins with
alternating hydrophilic and hydrophobic domains, it is expected that the silk
molecule would undergo a conformational change when adhering to a hydrophilic
substrate,157–159 and that this phenomenon would be amplified by the shear and
rapid drying of spin-coating.160,161

When NSF and RSF were spin-coated at increasing concentrations, surface
coverage successively increased, as expected (Figure 3.15e–g). Once complete
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coverage of the substrate was achieved—for RSF between 200 mg/L (Figure
3.10e) and 500 mg/L (Figure 3.10f)—this first protein layer might have acted to
shield the subsequently adsorbing proteins from the denaturing influence of the
surface. This may explain why globular and not fibrillar protein morphology was
observed at 500 mg/L and 1000 mg/L RSF (Figure 3.10f and Figure 3.8b,
respectively). Complete coverage with a globular bed of proteins was also
observed for sheared NSF at the highest studied concentration of 1000 mg/L. In
the latter case, we further observed the long, straight, beaded protein nanofibrils
sitting on top of this globular bed (Figure 3.8a and Figure 3.15f).

In spin coating, the solvent evaporates until the sample is completely dry, thus
continuously increasing the concentration. We only observed the dry product of
this sample preparation procedure, and we do not know at which actual
concentration the observed structures were generated, and how close the
corresponding conditions were to the in vivo situation. However, since the
concentrations in natural silk dope are very high (ca. 26 wt%, about 260,000
mg/L),55 it is likely that the highest concentration we studied, 1000 mg/L, was
closest to natural conditions. To facilitate AFM visualization of molecular-scale
features (which tend to be obscured in thicker polymer films), we did not prepare
samples from higher solution concentrations.

It is worth noting that the low dope concentration, uncontrolled pH and salt
concentrations in this and many other studies of silk may have significantly
deviated from native in vivo conditions. Regarding concentration, the equilibrium
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and aggregation behavior of a protein is known to be drastically different in a
highly “crowded” or concentrated state.162,163 Specifically with regard to silkworm
and spider silk, past works showed that increased fibroin concentration led to a
decrease in gelation time,164 shifts in secondary structure,165 transition in
assembled morphology,146 and changes in flow behavior.69,166,167 Regarding pH,
the drop in pH from about 7 in the main gland to about 5 in the proximal spinning
ducts of both silkworms55 and spiders53 has been shown to cause a “lock-andtrigger” effect in spider silks, whereby pH-induced conformational changes
facilitate dimerization of the silk proteins and nucleation of β-sheets.53,64
Regarding ion concentration, the presence of NaCl in spider dope was observed
to stabilize the monomer configuration of fibroin in the storage glands; as the
dope travels down the spinning duct, NaCl is pumped away to facilitate
dimerization.64,65 The conditions probed in our experiments probably deviated
from in vivo conditions, since we did not know the dope’s actual concentration,
pH, and salt concentration at the moment of assembly. Nevertheless, the simple
spin-coating routine and imaging by non-contact AFM presented here adds a
generic in vitro technique to reveal different regimes of self-assembly as a
function of concentration and to test the obtained morphologies for different silk
dopes.

3.c.v. Differences between NSF and RSF

One of the most interesting outcomes of our work is that only the native NSF
formed a fibrillar structure (Figure 3.8a) at 1000 mg/L dope concentrations,
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closely resembling that observed on the surface of native silk fibers.13,88,134 This
was particularly interesting, since this highest concentration came closest to
natural concentrations and was arguably the most relevant one. Our
observations suggest that shear may play a crucial role in the formation of the
molecular nanostructure on the surface of silk fibers in the natural spinning
process, where the silk dope moves down a lubricated silkworm spinning
duct55,168 in contact with its walls. Although our studies were carried out on mica
surfaces, which are distinctly different from the material on the surface of a
spinning duct, one could use our results to speculate about the molecular protein
conformation on this surface. Accordingly, our findings could mean that a first
layer of protein covers the spinning duct, avoiding the denaturing of subsequent
protein layers. Shearing against this first immobile protein layer, the proteins may
then self-assemble into nanofibrils, providing structural elements on the surface
of silk fibers. In this hypothetical scenario, the flowing protein would always be in
contact with this immobile surface layer of protein. Due to the amphiphilic nature
of proteins, they can form such a layer on any material, which would have an
interesting consequence with respect to the design of future artificial spinning
systems: the spinning process would not depend on the material of the spinning
duct itself.

In contrast to NSF, RSF only exhibited randomly distributed, globular protein if
prepared under the same conditions (Figure 3.8b). The loss of native fibrillar
morphology in silk assembly observed in RSF would clearly affect the
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macroscopic material properties. All natural spider and silkworm silks appear to
display a nanofibrillar sub-structure, and there is ample evidence that these
nanofibrils contribute significantly to the prodigious mechanical properties of
silks.82,169 Promising efforts have been made to prepare fibrillar assembled RSF,
yet the morphologies of these gels and films deviated significantly from that of
natural silk.101,144,145,147 Indeed, artificial silks, while very robust compared to
other biological materials, have failed to achieve the mechanical properties of
their natural silk counterparts.24,140,147,155,170 Our results suggest that the absence
of nanofibrillar structure and related decrease of fiber performance observed
when RSF is used as the starting material are rooted in deviations of RSF from
the native NSF at the level of individual molecules.

This is in line with past studies that have revealed deviations in the structure and
bonding character of the RSF molecule from that of native fibroin, which may
help us better understand the differences between RSF and NSF assembly
products. For instance, gel electrophoresis has shown that reconstitution can
fracture the fibroin molecule into 30–200 kDa fragments—far smaller than the
native 350 kDa heavy-chain fibroin molecule.99,171,172 Reconstitution also appears
to affect fibroin’s bonding character,170 as a rheological comparison between
RSF and NSF revealed vast differences in viscosity response and a stark
decrease in the intermolecular association and energy absorption capacity of
RSF versus NSF molecules.68,69
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Potentially related to the phenomena we observed, recent studies of spider silk
protein have revealed that the two highly conserved terminal domains of this
protein play a key role in the ordered assembly of a silk fiber, forming dimers that
align the proteins as they progress through the spinning ducts. 53,61,64 Nanofibrils
with aligned ß-sheets readily assembled when the carboxyl terminal domain
(CTD) of the silk protein was left intact, while sheared CTD-deleted recombinant
silk formed random aggregates with disoriented ß-sheets formed instead of
nanofibrils.

61,64,173,174

Importantly, chaotropic agents similar to those used in

reconstitution disrupted a crucial salt bridge in the dimeric structure of the CTD,
causing the domain to unfold and preemptively expose its hydrophobic regions. 61

Detailed insight into silkworm terminal domains comparable to spider silk is
lacking; however, there are many similarities. Like spiders, silkworms spin a
highly concentrated (26 wt%) dope into a fiber in rapid fashion, 54,55 and fibroin
terminal domain sequences are highly conserved. 38 While it is as of yet unclear
whether these terminal domains facilitate the formation of intermolecular metastructures in silkworm silk, it appears that, in storage, a 30 kDa P25 protein
associates with the primary components of silkworm fibroin, the 350 kDa heavy
chain and 25 kDa light chain, via hydrophobic interaction.175 Thus, in the same
manner that the CTD of spider silk pre-aligns the silk molecule for a precise
exposure of hydrophobic regions under shear, it has been suggested that the
alignment of six disulphide-bonded heavy–light chains by a single P25 molecule
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facilitates native folding and assembly of these molecules by interaction of their
hydrophobic regions.175

While these details are not yet fully understood at this point, we find that the
“beads-on-a-string” morphology, in which nanofibrils are formed in the 1000 mg/L
native fibroin—with structures close to what is observed on the surface of natural
fibers13,72,132,134—might point towards an underlying mechanism. Having two
specific binding sites per fibroin molecule (or per fibroin complex) that bind
exactly to two other molecules (or complexes), such as the two terminal domains
in spidroins, would be a plausible explanation for the observed linear, “1D”
assembly. Based on this hypothesis it becomes clear that if the reconstitution
process yielded enough fibroin molecules (or complexes) with less than two
working binding sites, the highly guided self-assembly that we observed in NSF
would be disrupted for RSF. This potentially happens due to the disruptive effect
of chaotropic salts on correct terminal domain dimerization, or due to molecular
fragmentation—removing enough of the terminal domains altogether.

The contrast in assembly behavior between RSF and NSF was also observed in
low-concentration solutions, which both formed nanofibrils under shear,
indicating persistent associative properties of both fibroins. However, the
aggregate sizes were significantly larger for NSF (Figure 3.11b,c), which further
supports our conclusion that the potency for self-assembly is diminished in RSF.
Especially for RSF, we observed pronounced branching. Such a mode of selfassembly is distinctly different from what we observed for high-concentration
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NSF: the intact NSF protein self-organized into much more highly ordered, strictly
linear, straight nanofibrils, which we suggested to be guided through exactly two
binding sites per assembling entity. The emergence of branching marks a
departure from this strictly one-dimensional organization; in our simplified picture,
making a branch would require an assembling entity to connect to at least three
partners. We hypothesize that when some of the active binding sites and their
guiding influence is missing, random assembly takes place, with branching being
one of the consequences. Another, potentially related outcome of our quantitative
image analysis is that the distributions of nanofibril length and particle area were
highly skewed and appeared almost normally distributed when plotted on a log
scale. We think that the shape of such distributions may provide insights in the
underlying mechanism of self-assembly at these low concentrations. In this
particular case, the obtained distribution might be supportive of a nucleationdependent model of assembly, whereby the rate of nanofibril growth is
proportional to the number of available nucleation sites.176 This scenario is
incompatible with a strictly one-dimensional assembly into linear nanofibrils,
where the number of allowed docking sites per assembly is constant—namely
two. Instead, in such an exponential growth-type assembly mode, the growth
rate—and thus the number of docking sites for additional protein—would have to
be proportional to the aggregate size. This would be fulfilled if branching is
allowed. Therefore, the fact that we observe strongly skewed distributions can be
interpreted as an additional indicator of disordered and disrupted assembly in
RSF.
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4. Recluse silk mechanical behavior

Prior to this work, the mechanical properties of recluse silk were undescribed,
and represented a distinct experimental challenge due to the thin ribbon
morphology of the strand: we measured ribbon cross-sections to be about
0.4 μm2, or 20–30 times less than for other silk fibers. We overcame this
challenge by devising a custom AFM-based experimental approach to test the
stiffness of a recluse fiber with high force resolution. However, our system lacked
the translational range to extend a silk strand to fracture. To do so in tests of
looped Loxosceles silk, we gained access to the most sensitive tensile tester on
the market. The results justified the use of Loxosceles silk as a model system
and revealed the interesting mechanical behavior of a looped fiber.

4.a. Straight strand: 3-point bending

To achieve force resolution necessary to perform a tensile characterization of
individual Loxosceles ribbons, we developed an AFM-based 3-point bending
method. Similar techniques have successfully been employed to determine the
mechanical properties of suspended biopolymer fibers.136,177,178 Loxosceles silk
was placed on a glass substrate featuring a trench with a width of several
100 µm and a depth of about ≈ 200 µm. Each ribbon was manually positioned
perpendicularly across the trench, such that a portion of the fiber was freely
suspended (Figure 4.1a). Care was taken to avoid straining the ribbon. A blunted
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Figure 4.1. (a) Top view of the mechanical testing setup (optical micrograph). Scale bar: 200 µm.
(b) Schematic of the setup: A Loxosceles fiber (rose) was suspended over a gap in a glass
substrate (light blue) and secured with cyanoacrylate glue (amber). A blunted AFM probe (grey)
strained the silk via vertical deflection, while simultaneously measuring the vertical component
Fvert of the fiber tensile force FT as a function of the probe indentation height z. (c) Obtained force
curves (various colors) and the fitted model (black). (d) AFM tapping-mode phase image of a silk
ribbon suspended over a 1 μm-diameter hole in a silicon nitride substrate. The ribbon covers the
hole and can sustain forces exerted by the AFM probe. Phase imaging reveals the position of the
hole since the ribbon deflects in the suspended area (scale bar: 1 μm).
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AFM probe was then landed in the middle of the suspended portion of the silk, as
shown in Figure 4.1b. Lowering the AFM probe from this position stretches the
silk ribbon, thus increasing the tensile stress σ in the fiber. This tensile stress
leads to a vertical force Fvert acting toward restoration of the relaxed state of the
fiber (see Figure 4.1b). By acquiring an AFM force curve, Fvert is measured as a
function of the indentation depth z. The tensile force FT in the fiber can be
calculated from Fvert(z), and the strain ε in the fiber can be calculated from z.
Thus, we can deduce the stress-vs-strain behavior σ[ε] of Loxosceles silk from
the measured Fvert(z) curves.

A set of force curves Fvert(z) measured on the suspended silk fiber is shown in
Figure 4.1c. Fvert(z) is strongly nonlinear, for two reasons related to the geometry
of the setup. Firstly, the relation between the vertical fiber deflection z and the
z2

induced strain ε = ε(z) is non-linear: ε(z)=√1+ w2 ∙(1+εpre )–1, where εpre and w are
the fiber pre-strain and the half width of the gap, respectively. The corresponding
fiber tensile force is FT(z) = σ [ε(z)]·A, where σ [ε] is the stress-vs-strain
relationship of the material and A is the cross-sectional area of the fiber. The
second reason for the observed non-linearity is that Fvert(z) essentially represents
the vertical projection of FT: Fvert (z) = 2∙σ[ε(z)]Ah/√z2 +w2 . The AFM probe is
positioned at the midpoint of the suspended ribbon, dividing it into two halves.
We independently consider contributions of both halves to Fvert, giving rise to the
factor of 2. The tensile forces FT in the fiber do not give rise to a net horizontal
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force on the AFM probe, since horizontal components Fhoriz of FT contributed by
the two halves cancel out.

The maximal strains in our experiments were in the range 0.68%–0.98%, which
led us to assume a linear stress–strain relationship σ[ε] = E·ε, where E is
Young’s modulus. The pre-strain εpre can be eliminated for this geometry by
considering the case z/w << 1, for which Fvert(x) ≈ 2·A·E·εpre·z/w, and thus εpre
can be expressed in terms of the initial slope of the measured Fvert(z) curve.
Since experimental determination of w and A is straightforward, the modulus E
remains the only unknown, which we determined by carrying out non-linear least
squares fits to the measured Fvert(z) curves. The agreement between the
experimental data and the obtained fits is excellent (see Figure 4.1c), which
justifies the assumption of a linear stress-vs-strain relation. Averaged over
several experiments carried out on ribbons from different specimens, we
determined the Young’s modulus of Loxosceles silk to be E = 21±6 GPa, with
corresponding pre-strains in the range 0.16%–0.35%. We found that repeated
acquisition of force curves led to virtually identical results, which demonstrates
that the Loxosceles ribbons are fully elastic in the studied strain regime (Figure
2.5). This fully elastic behavior and repeatability allowed us to acquire data for
indentation ranges > 30 µm, significantly exceeding the vertical range of our
piezo scanner (10 µm). Several 10 µm-deep portions of the force curve—each
represented by a different color in Figure 4.1c—were therefore acquired, offset
by mechanical translations between them. Due to its high force sensitivity and
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good control over small translations, AFM is an excellent tool to characterize the
mechanical properties of the Loxosceles ribbons in the realm of small strains.

In addition to the modulus, we also determined the maximum extensibility of the
material to be 27.4±2.7% (n=4) by straining individual strands to fracture. A
modulus of 21±6 GPa and maximum extensibility of 25–30% suggest that
Loxosceles silk is extremely strong and tough; these values are amongst the
highest for any silk, similar to those found for orb-weaving silk.29 Hence, the
Loxo-ribbons feature the trademark of silk’s extraordinary mechanical properties,
the combination of high stiffness with large extensibility. This is remarkable
because it would not be surprising to see substantial differences in the fracture
mechanics between these 40–80 nm-thin ribbons with a 100:1 aspect ratio on
one hand, and all other silk fibers featuring cylindrical geometry and a skin–core
structure, on the other hand. A possible explanation for these high stiffness
values in the Loxo-ribbons is that the regular silks with their core–shell structure
may contain a larger fraction of low-modulus components, whereas Loxosceles
silk may feature a purer mixture of high-modulus material. In particular, the Loxoribbons are far superior to currently available, artificial silk thin films in terms of
their mechanical properties. The strongest ultra-thin films of reconstituted
silkworm silk yield a modulus of 3–5 GPa and maximum extensibility of only 0.5–
3%.140,179 These data suggest that the strength of the Loxo-ribbons is 1 to 2
orders of magnitude superior to their artificial counterparts. Engineered thin silk
films, modeled after the Loxo-ribbons, and with similarly outstanding mechanical
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properties would have many interesting applications, such as tissue scaffolds
with tunable mechanical properties, and electronic brain implants.180–183 To
feature the film-like properties of the Loxosceles ribbons, we suspended ribbons
on a silicon nitride substrate with 1 µm-diameter holes (Figure 4.1d). The film
covers the hole and withstands forces exerted through repeated AFM scanning in
contact and tapping imaging modes.

4.b. Looped strand: tensile testing

To assess the mechanical behavior of the Loxosceles silk looped metastructure
(Figure 3.3b), we conducted tensile tests of looped and non-looped strands
(Figure 4.2).

We compared looped and non-looped tensile test results using a paired analysis,
i.e. the difference between looped and non-looped data for each individual was
treated as a single data set, and the null hypothesis is that the mean difference is
0. This choice was justified by a plot of looped and non-looped strength, which
yielded a correlation coefficient of 0.886 and corresponding P-value of 0.003,
leading us to reject the null hypothesis that there is no relationship between nonlooped and looped strength.112 Tests for normality using the D’Agostino-Pearson
omnibus K2 normality test yielded a P-value of 0.85 for the strength data and
0.40 for the toughness data,184 indicating that neither data set is inconsistent with
a Gaussian distribution.
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Figure 4.2. Loxosceles silk tensile tests. (a) Representative engineering stress–strain
curves for non-looped (red) and looped (blue) recluse strands. (a’) Non-looped strand
schematic, where L0 is the initial length. (a’’) Looped strand schematic, where L0 is the
initially loaded length of the strand and Ls is the length of a single loop. (b) Ultimate
strength σu and (c) effective toughness W of recluse silk. Data was collected from 8
individuals, with values averaged from roughly 3 looped and 3 non-looped strands per
individual. Left frames (white background): non-looped (red) and looped (blue) paired data
for each individual, connected with black lines. Right frames (grey background): difference
between looped and non-looped data for each individual (circles), mean difference
(horizontal bar), zero difference (red dotted line), and 95% confidence interval (CI, vertical
bar). No significant difference in σu was detected (P=0.53, two-sided t-test), with the entire
CI falling within the 25% zone of relative equivalence (b, black dotted lines), while W for
looped samples was found to be significantly less tough than for non-looped (P<0.001,
two-sided t-test) because some loops failed to open.
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In agreement with past studies of uniaxial fibers with hidden length stored via
sacrificial bonding,185,186 stress peaks of sizeable height and width were observed
in looped stress–strain curves (Figure 4.2a). The termination of each peak
reflects a loop opening event (asterisk, Figure 4.2a), which releases hidden
length into the system and thus relaxes the fiber. Further extension is required to
exhaust the released length before stress is again encountered and the next
stress peak is initiated. By subjecting the strand to this successive strain and
relaxation, i.e. “strain cycling”, an increase of the total tensile energy of the
system (i.e. toughness) is possible.

In previous attempts at producing looped fibers with enhanced toughness,
potential gains were completely negated by a ≈50% reduction in the tensile
strength σu of looped strands relative to their non-looped equivalents.115 Since
these fibers featured cylindrical profiles, cusps formed after the loops opened,
leading to stress concentration and premature failure. In addition, the loop
junctions in this system were thermally bonded, inducing defects upon loop
opening.

Loxosceles silk overcomes the limitations observed in previously reported looped
fibers: looped ribbons from eight individuals did not display a significant reduction
in strength compared to non-looped silk (Figure 4.2b). A t-test resulted in a Pvalue of 0.53, leading us to fail to reject the strength null hypothesis at a
significance level of 0.05. In addition, the entire 95% CI of the strength
differences fell within the 25% zone of equivalence relative to non-looped
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strength112, which has an upper bound equal to 125% of the mean non-looped
strength and a lower bound equal to 75% of the mean non-looped strength
(Figure 4.2b, black dotted lines). Naturally, the CI also falls within a 40% zone of
relative equivalence—the target effect in our power analysis.

We suggest the ribbon’s thinness confers a degree of flexibility that prevents the
formation of cusps as its loops unravel, while the silk-to-silk adhesion via noncovalent bonds72,96 allows the loop junctions to release without introducing
defects. Notably, the silk loop junctions are of considerable strength relative to
the fiber due to the strand’s ribbon morphology: the strand-to-strand contact area
for a ribbon is vastly greater than for a cylinder. These advantages over the
cylindrical looped fiber system—prevention of cusps, defect-free loop unravelling,
and strong loop junction bonds—are made possible by the thin ribbon
morphology of Loxosceles silk.

To evaluate the toughness of looped silk, we first measured the total strand
length (and thus mass) prior to testing by inspecting the number and size of
loops via optical microscopy. Then, we found the cross-sectional area of the
strand using AFM. After tensile testing, we calculated effective tensile toughness
W by dividing absorbed tensile energy ϕ by total fiber mass m.16,138 Since m can
be found from the fiber’s total length L0 + NLs,

ϕ

W = m=

1 xmax
F
∫
m 0

dx =

εmax
AL0
σ
∫
ρA(L0 +NLs ) 0
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dε =

εmax
1
σ
∫
ρ(1+h) 0

dε

(4.1)

where F is tensile force, x is fiber extension, A is cross-sectional area, ρ is mass
density, L0 is the initially loaded strand length (Figure 4.2a’,a’’), N is the number
of loops, Ls is the length of a single loop, and h = Nα = LsN/L0 gives the ratio of
total hidden length to initially loaded length. For a strand without hidden length, h
ε

= 0 and W is the standard equation of tensile toughness, W0 = ρ-1 ∫0 max σ dε, or
the area underneath the stress-strain curve divided by mass density. For a strand
with hidden length, h > 0 and W = W0/(1 + h) < W0.

Tensile tests revealed that the maximum extensibility of looped strands was
much lower than expected (Table 4.1), meaning that not all loops opened.
Because their mass was still counted, the effective specific toughness of looped
strands decreased (Figure 4.2c). If only energy added by strain cycling is
considered, which discounts the unopened loop weight, we found an average
improvement of 21% (Figure 4.3). This demonstrates the toughness
enhancements possible in principle with the looped Loxosceles silk system—
even for a small number of loops. The failure of all loops to open was potentially
due to imperfections in our sample preparation or testing parameters; e.g. tensile
loading rates and extrusion speeds during forcible silk pulling may not have
matched those experienced in nature. Importantly, Loxosceles silk functions not
only to bear tensile loads, but also to capture prey through entanglement and
adhesion to its flat, conformable surface. As we showed, the ribbon morphology
that enables this adhesive function was observed only when the silk was
naturally looped; when forcibly pulled, the silk collapsed into a curled cylinder
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Table 4.1. Silk tensile test data for all eight individuals tested, where m=male, f=female, A is the
cross-sectional area, ℓ=looped, n=non-looped, Ls is the average (and standard deviation) single
loop length, nℓ is the number of loops measured to determine Ls, ns is the number of silk tensile
̅ is the mean
samples for the given individual and silk type, ̅̅̅
𝜎u is the mean ultimate strength, 𝑊
̅ and ̅̅̅̅̅̅
effective toughness, and ̅̅̅̅̅̅
𝜀max is the mean maximum true extensibility. Since 𝑊
𝜀max are
calculated from the total length of the fiber (initially loaded length plus total loop length), a
negative ̅̅̅̅̅̅
𝜀max indicates that the looped strand fractured before an extension equaling the total
length of the strand was reached.

Indiv

Sex

Age
(yrs)

A
(µm2)

ℓ or n

Ls (µm)

nℓ

ns

𝜎u (GPa)
̅̅̅

̅ (J/g)
𝑊

𝜀max
̅̅̅̅̅̅

A

m

2

0.405

n
ℓ

893±16

4

3
2

0.72
0.63

91
24

0.32
–0.46

B

f

2

0.639

n
ℓ

765±41

2

3
3

0.70
0.67

82
52

0.29
–0.10

C

f

2

0.620

n
ℓ

973±21

5

3
4

0.70
0.79

90
47

0.31
–0.28

D

f

2

0.297

n
ℓ

861±21

5

3
3

0.67
0.55

76
38

0.30
–0.15

E

f

2

0.596

n
ℓ

904±9

3

3
3

0.52
0.49

69
24

0.33
–0.37

F

m

2

0.525

n
ℓ

729±71

3

3
4

0.43
0.62

55
32

0.31
–0.47

G

m

2

0.455

n
ℓ

782±64

2

2
4

0.43
0.54

58
36

0.32
–0.17

H

f

2

0.554

n
ℓ

902±31

3

3
3

0.57
0.57

71
28

0.31
–0.43
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Figure 4.3. Estimated relative enhancement due to looping in Loxosceles silk. (a) Representative
looped stress-strain curve from Figure 4.2a. The dark blue areas are only present due to “strain
cycling” after loop opening events. The light blue areas represent regions of the curve where the
strand first encountered a given stress, which would also be present in a non-looped system. (b)
Estimated relative toughness enhancement φ* = (Wℓ − Wℓ*)/Wℓ* of the looped toughness due to
strain cycling in each test (n=26, circles) and the average (horizontal bar), where Wℓ* is the
toughness of the unraveled portion of the strand (light blue areas, a) and Wℓ is the toughness of
the entire looped strand (all blue areas, a).
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(Figure 3.3d). Considering the role that the looping plays in this additional
functionality, it is likely that the looped ribbons are co-optimized for several
distinct properties.
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5. Thin silk biomimicry

5.a. Looped strand model

To describe the tensile behavior of a looped fiber, we developed an iterative
model and compared the looped fiber’s properties, especially toughness, to those
of a non-looped fiber of equivalent length. We employed two simple material
models, perfectly elastic and strain-hardening plastic, and evaluated the effects
of different fiber geometries, material properties, and sacrificial bond strengths.
Our results reveal the potential of a looped metastructure to fundamentally alter
the mechanical behavior of a fiber, allowing toughness, extensibility, and other
properties to be accurately predicted and optimized for a variety of parameters.

5.a.i. Looped fiber model
In our model, we describe a fiber with initially loaded length L0 arranged into N
loops each of length Ls (Figure 5.1i). The loops can be defined using two intrinsic
parameters: number of loops N and normalized loop size α = Ls/L0. Using these
variables, h = Nα = LsN/L0 gives the ratio of total hidden length to initially loaded
length. Each loop is held in place by a sacrificial adhesive junction of strength σℓ.
When the fiber is subjected to tensile stress σ, a loop opens when σ reaches σℓ
(Figure 5.1ii), immediately relieving some amount of stress on the strand (Figure
5.1iii). A loop opening therefore appears in a stress-strain curve as an immediate
drop in σ, i.e. the edge of a sawtooth peak (Figure 5.1a). Continuous extension
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Figure 5.1. Tensile tests of looped and non-looped fibers, with schematics (i–viii) and
corresponding stress-strain curves (a–b). (i) In the looped tensile test, a fiber with initial loaded
length L0 (black) contains N = 4 loops (orange) each of size Ls = αL0, with α = 0.1. (ii) Extension
results in strain on the fiber (grey) up to a value of Δεe1 , i.e. when the stress equals the loop
strength σℓ. At this point, the first loop unravels (asterisk). (iii) The unraveled loop adds slack to
the strand (orange) and allows the strained portion of the fiber to relax (black). (iv) Postunraveling strain Δεe1 is then required to exhaust the introduced slack, bringing the new unstrained
length of the fiber to L0(1+α). (v) After all loops are opened and their slack is exhausted, the

99

fiber’s unstrained length is L0(1+Nα). (vi) Strain Δ𝜀 f is required to fracture the fiber. (a) Looped
stress-strain curve corresponding to (i–vi). The looped fiber exhibits Regime 1 behavior, i.e. full
relaxation occurs after each loop unraveling. (vii) In the non-looped tensile test, a fiber with initial
loaded length L0 contains slack of length NαL0. (viii) As the fiber is extended, the slack is
exhausted at zero stress until a length L0(1+Nα) is reached. (b) Non-looped stress-strain curve
corresponding to (vii–viii). In all frames, normalized ultimate fiber strength is ε̂u = σu/E = 0.1 and
normalized loop strength is ε̂ℓ = σℓ/E = 0.05.
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causes all loops to iteratively unravel, subjecting the strand to repeated strain
and relaxation, i.e. strain cycling. Once all loops have been opened (Figure 5.1v),
further stress causes the strand to fracture at its breaking strength σu (Figure
5.1vi). The strain cycling of the fiber that results from multiple loop openings
increases the energy required to fracture, i.e. toughness, relative to a non-looped
fiber. This toughness gain due to looping can be visualized by comparing the
area underneath a looped stress-strain curve (Figure 5.1a) to that underneath a
non-looped fiber of equivalent length (Figure 5.1b). Figure 5.1 displays the tensile
behavior of a looped linear elastic fiber, but the above principles apply to a
looped fiber of any nature.

To quantify the energy needed to fracture a looped strand, we calculated
effective tensile toughness W using Eqn. 4.1. We found looped toughness Wℓ
and non-looped toughness Wn by modeling the stress-strain behavior (described
below), integrating to determine W0, and dividing by 1 + h. We then used the gain
in toughness ψ = Wℓ/Wn to compare Wℓ and Wn.

When hidden length in a fiber is released sequentially under stress, the
distinction must be made between local strain ε̂, which is extension x relative to
the currently loaded strand length Li, and global strain ε, which is relative to the
initially loaded strand length L0. As loops open, Li grows larger but L0 remains
constant. Specifically, if Li is defined as the loaded length before the ith loop
opens, Li = L0 + (i – 1)Ls. Local strain on Li, εi = x/Li, can be translated into global
strain, εi = x/L0, using:
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Δεi =

x
L0

=

x
Li

L

∙ L i = Δε̂i (1+(i–1)α)
0

(5.1)

This conversion enables the use of a consistent definition of global strain even as
length is added due to opened loops. Note that since strand length Li is the true
loaded length of the fiber, mechanical behavior should be calculated in terms of
local strain ε̂i before being expressed in terms of global strain εi.

5.a.ii. Linear elastic fiber

We focused much of our analysis on a looped fiber composed of a linear elastic
material, which is simplest to model (Figure 5.1a). Hooke’s law gives the
relationship between stress and strain in a linear elastic material to be σ=Eε, but
since mechanical behavior in our looped system is relevant to local strain, σ=Eε̂.

We first considered the pre-unraveling strain Δεei a fiber experiences up to the
opening of the ith loop (Figure 5.1i–ii). We defined Δεei as the global strain
yielding a change in stress Δσei that is needed to reach the loop junction strength
σℓ. Using Eqn. 5.1,

e

Δεei = Δε̂i (1+(i–1)α)=(ε̂ℓ –σ0i /E)(1+(i–1)α)

(5.2)

where ε̂ℓ =σℓ /E is the local strain required to open a loop and σ0i is any initial
stress on the strand. In the scenario shown in Figure 5.1a, σ0i =0 for all i, and so
Δεei = ε̂ℓ (1+(i–1)α). Note that as i increases, Δεei increases by a factor of α,
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leading to an apparent softening of the fiber under strain—i.e. the slope of each
stress-strain peak decreases with increasing i (Figure 5.1a).

Next, we considered the effect of opening the ith loop (Figure 5.1iii). When this
occurs, the unstrained loop length Ls is introduced into the strand, creating loop
slack that can be considered an increase in global strain of magnitude Ls/L0 = α.
Additionally, the introduction of loop slack allows the strained fiber length Li to
elastically recover from its stressed state, yielding an effective decrease in global
strain. Elastic recovery proceeds until the stress in the fiber drops to zero or the
slack is exhausted—whichever comes first. To capture these offsetting effects of
opening a loop, we defined the virtual post-opening strain ∆εoi as:
∆εoi =α–ε̂ℓ (1+(i–1)α)

(5.3)

where α is the increase in global strain due to an introduced loop and
ε̂ℓ (1+(i–1)α) is the global strain required to completely offset a stress σℓ on the
fiber (from Eqn. 5.2).

∆εoi can be positive or negative, reflecting two regimes of tensile behavior.
Regime 1 occurs when the loop slack in the fiber is sufficiently large to
accommodate a full elastic recovery, i.e. ∆εoi ≥ 0 (Figure 5.1a). In this case, slack
in the fiber equivalent to ∆εoi remains after the loop opens (Figure 5.1iii), with
extension at zero force required to exhaust the slack (Figure 5.1iv). Since
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Regime 1 is reflected by ∆εoi ≥ 0, initial Regime 1 behavior (for i = 1) occurs when
α ≥ ε̂ℓ (above the white solid line, Figure 5.2d).
When ∆εoi < 0, the strand displays Regime 2 behavior. In this case, the loop slack
allows only partial recovery, and the unrealized post-unraveling strain is
manifested as residual stress σri (Figure 5.2b). To find σri , the loaded length after
the ith loop opens is L0 + iLs, giving Δσi = E∆εoi ⁄(1+iα) from Eqn. 5.2. Since ∆εi is
the unrealized post-unraveling strain ∆εoi ,
E∆εo

σri = -E∆εoi ⁄(1+iα) =- 1+iαi

(5.4)

with the negative sign accounting for the fact that ∆εoi <0 in Regime 2. (When
∆εoi ≥0 in Regime 1, then σri =0.) The equation for σri allows for a more precise
evaluation of ∆εei (replacing Eqn. 5.2) since initial stress σ0i is equal to the
residual stress left from the previous loop opening:

r

Δεei =(ε̂ℓ –ε̂i-1 )(1+(i–1)α)

r
where local strain required to overcome the residual stress ε̂i-1 =
∆εoi–1
1+(i–1)α

=

ε̂ℓ (1+(i–2)α)–α
1+(i–1)α

(5.5)

σri–1
E

=-

r

and ε̂0 =0 is a boundary condition. Initial Regime 2 behavior

(for i = 1) occurs when α < ε̂ℓ (below the white solid line, Figure 5.2d).
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Figure 5.2. Elastic looped fiber model. (a) Stress-strain curves of a looped fiber (orange, number
of loops N = 7 and normalized loop size α = 0.057, schematic shown above) and a non-looped
fiber of equivalent length (striped black). (b) Stress-strain curves of a looped (N = 15 and α =
0.027) and non-looped fiber. As N approaches infinity and α approaches 0, the stress peaks
approach the limit shown by the red dashed line and toughness gain ψ approaches the limit ψh.
(c) Toughness gain ψ = Wℓ/Wn versus N, with hidden length ratio h held constant at h = Nα = 0.4.
Labeled points (orange) correspond to indicated frames in Figure 5.1a and Figure 5.2b–c, black
dashed line shows the constant toughness of a non-looped fiber ψ0 = 1, and grey lines delineate
regime boundaries. (d) ψ expressed on a color scale versus α and N, with all values interpolated
and log-scaled. White lines bound regions that yield the indicated regime behavior. In all frames,
ε̂u = 0.1 and ε̂ℓ = 0.05.
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Solving Eqn. 5.3 for i gives the number of loops for which a transition from
Regime 1 to Regime 2 occurs, i > 1⁄ε̂ℓ + 1⁄α (Figure 5.2a and to the right of the
white dashed line, Figure 5.2d).

Once all loops are opened, the fiber is strained until fracture (Figure 5.1a). Given
that the local strain required to fracture a fiber of strength σu is ε̂u =σu /E, Eqn. 5.5
can be used to give the final strain to fracture (Figure 5.1v–vi):

r

Δεfi = (ε̂u – ε̂N )(1+h).

(5.6)

The fiber’s maximum extensibility εmax is the sum of the total hidden length ratio h
r

and Δεfi when ε̂N = 0, or

εmax = h+ε̂u (1+h)

(5.7)

Eqns. 5.3–5.6 can be used to iteratively calculate a linear elastic looped fiber’s
stress-strain response for any N and α (Figure 5.2d). Note that as N is increased
with h held constant, the area underneath the stress-strain curve (i.e. toughness)
approaches a limit value (red dashed line, Figure 5.2b). The stress-strain curve
of this high-N case resembles the response of a perfectly plastic fiber of strength
σℓ; in other words, the fiber is imparted with “pseudo-ductility.” By adding length
and causing the fiber to be strain cycled over its augmented total length,
introducing loops can thus radically alter the stress-strain behavior of a material.
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For comparison to the looped system, we also described the tensile behavior of a
non-looped strand with equivalent hidden length (Figure 5.1b). An initial slack
length of NαL0 was chosen to make its hidden length ratio h = Nα equivalent to
that of our looped fiber. With equal h values, looped and non-looped stress-strain
curves can be overlaid and directly compared (Figure 5.2a–b). Extension of the
non-looped fiber first results in exhaustion of the slack (Figure 5.1vii–viii) before
the strand is strained to failure according to Δεf = ε̂u (1+h).

Figure 5.2d shows the trends of toughness enhancement ψ = Wℓ/Wn versus N
and α for our linear elastic model. Toughness gains are substantial in many
cases: for instance, a strand with only 7 loops of relative size α = 0.057 is 2.46
times tougher than a non-looped strand (Figure 5.2a). The gains are highly
dependent on N, as ψ increases monotonically with the number of loops. Even in
Regime 2, where the area underneath the stress-strain curve attributed to a
single loop may be small, that area is still an increase relative to the non-looped
stress-strain curve (Figure 5.2b). The optimal α to maximize toughness for a
given N occurs at α = ε̂ℓ , the boundary between Regimes 1 and 2 (white solid
line). The regime properties explain this result: in Regime 1, slack that does not
contribute to elastic recovery serves as dead weight, and in Regime 2, the
presence of residual stress after a loop opening means that full elastic recovery
did not occur. To minimize excessive slack and maximize elastic recovery, the
boundary between Regime 1 and Regime 2, or α = ε̂ℓ , is thus optimal.
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The variables N and α are the most parsimonious descriptors of looping in a
strand, but it is also interesting to explore a looped fiber in terms of N as its loop
pitch p = L0/N and loop size Ls = αL0 are held constant, because p and Ls are
fixed within a spool of looped fiber. In this case, the fiber’s hidden length ratio h
and maximum extensibility εmax are also constant since h = Nα = Ls/p and
εmax = h+ε̂u (1+h) (Eqn. 5.7). We examined properties of this fixed-h case as N—
and thus L0—are increased to infinity, i.e. the fiber is unspooled to reveal
additional loops (Figure 5.2c).

Figure 5.2c displays toughness gain ψ versus N when h = 0.4, with a reference
gain of ψ0 = 1 for a non-looped fiber plotted as a comparison. The result shows
that as N is increased and h is fixed (yielding a decrease in α since h = Nα), ψ
increases linearly in Regime 1, then approaches a limit value ψh in Regime 2.
The toughness limit ψh occurs as the area underneath the stress-strain curve is
filled by loop peaks, as displayed by the “pseudo-ductile” case in Figure 5.2b (red
dashed line). A geometric calculation of ψh gives:

lim ψ =ψh =

N→∞
α→0

h∙ε̂ℓ (2+ε̂ ℓ )
2
ε̂u (h+1)

+1

(5.8)

The toughness limit ψh of a looped fiber with hidden length ratio h can be
understood in terms of Regime 2 behavior: the stress peaks due to loop
openings increasingly overlap as N approaches infinity and α approaches 0,
leading to a diminished toughness enhancement of each added loop. It is
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interesting that the near-constant toughness enhancement achieved in a looped
fiber with a sufficiently high N (Figure 5.2c, red dotted line) approaches a
constant toughness relative to length (Figure 5.2c, black dotted line) that is
characteristic of a bulk material.

Figure 5.3a–b show the relationship of ψh to h for different values of σℓ /σu and
ε̂u = σu ⁄E. Note that we chose loop strength relative to fiber strength σℓ /σu =
ε̂ℓ ⁄ε̂u as a more intuitive parameter than ε̂ℓ . The increase in ψh with h shows that
more hidden length in a looped fiber yields greater toughness (Figure 5.3a–b).
Furthermore, each curve shows ψh increasing up to a horizontal asymptote: this
limit of ψh, which we define as ψ*, represents the toughness advantage of a
looped strand as its hidden length ratio is increased to infinity. ψ* is derived from
Eqn. 5.8:

σ

2

2

σ

lim ψh =ψ* = (σℓ ) + ε̂ (σℓ )

h→∞

u

u

u

(5.9)

Eqn. 5.9 and Figure 5.3 show that an increase in ψ* is achieved with an increase
in σℓ /σu and decrease in ε̂u . The ratio of loop strength to fiber strength σℓ /σu is
displayed on a linear scale up to a maximum of σℓ /σu = 1 since a comparison of
the two strengths is best described in a linear context and σℓ /σu > 1 would cause
the strand to fracture before a loop opens. The equation and plot show that σℓ /σu
= 1 in an optimal scenario; inserting this value in Eqn. 5.9 gives ψ* = 2⁄ε̂u +1.
Thus, the greatest toughness gains are possible in a looped fiber whose loop
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Figure 5.3. Limit behavior of a looped fiber. (a) Limit of toughness enhancement ψh versus the
hidden length ratio h, with ε̂u = 0.1 and σℓ /σu given by the value shown at the right of each curve
(red). The limit of ψh as h approaches infinity (ψ*) is shown as a dashed purple line, and the black
point reflects the parameters exhibited in Figure 5.1 and Figure 5.2 (h = 0.4, ε̂u = 0.1, and σℓ /σu =
0.5). (b) ψh versus h with σℓ /σu = 0.5 and ε̂u equal to the value shown at the right of each curve.
(c) ψ* expressed on a color scale versus ε̂u and σℓ /σu , with ε̂u and ψ* shown on a log scale and
σℓ /σu shown on a linear scale.
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junction strength approaches the strength of the fiber and whose inherent
breaking strain ε̂u = σu ⁄E is minimized.

Pragmatic considerations temper these conclusions. σℓ should be sufficiently
less than σu to account for the inherent stochastic variability of a loop opening
event; if even a single loop junction is stronger than the fiber itself, the fiber will
fracture before all loops open and cause a catastrophic decrease in toughness.
Furthermore, decreasing ε̂u leads to an increase in the bending stress within a
loop, requiring a larger loop size (see section below). Finally, as discussed later,
a consideration of absolute toughness instead of toughness enhancement will
lead to different conclusions regarding fiber composition.

5.a.iii. Fiber geometry

When introducing loops into a real system, the strand geometry imposes
constraints. The following exploration of geometric limitations is applicable to all
looped systems, not just those employing a linear elastic material.

First, the bending stress within a looped fiber is given by beam theory to be σx =
–Et/(2r),187 where t is the fiber thickness and a loop’s radius of curvature r is
equal to αL0/(2π) in a perfectly circular loop (Figure 5.4). To avoid fracture of the
fiber due to bending, the size of the loop must be large enough such that σx < σu.
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Figure 5.4. Geometric schematic of a circular loop with thickness t, loop radius r, shear force due
to bending 2V (from the two sides of the loop), and restoring force Fr.
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Solving for α gives:

α > π𝑡̂/𝜀̂u

(5.10)

where ̂t = t/L0 is the strand’s thickness normalized by its initial length. Eqn. 5.10
shows that the higher toughness gains accessible with a lower local breaking
strain ε̂u (Eqn. 5.9) come at the cost of larger loops. However, decreasing ̂t can
offset the stress increase induced by a lower ε̂u .

The flexural rigidity of the strand, which is determined by its thickness and overall
geometry, also plays a role in loop mechanics. The bending moment M of a fiber
is M = EI/r, where I is the moment of inertia. If the fiber is looped into a circle, the
bent strand exerts twin shear forces at its ends equal to the derivative of the
bending moment, V = dM/dx, and the restoring force Fr holding the two ends
together is 2V (Figure 5.4). Given that x = 2πr = αL0 for a circular loop, Fr =
4πEI/(αL0)2. For a rectangular beam with I = wt3/12 and A = wt, Fr can then be
used to calculate the minimum strength σa = Fr/A necessary to keep the loop
adhered:

σa >

2
πEt̂

3α2

(5.11)

For a cylindrical beam with I = πt4/64 and A = πt2/4,

2

σa >

π2 Et̂
4α2
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(5.12)

Again, a small ̂t is desirable to reduce the external bending force, especially with
the quadratic dependence of σa on ̂t. It is also notable that a rectangular beam
geometry requires an adhesive strength that is inherently smaller by a factor of
3π/4 ≈ 2.36 relative to that of a cylindrical geometry.

Finally, for a looped fiber to be viable, its loop pitch must at least be greater than
the thickness of the strand: N is thus limited by L0/N > t, or N < 1/t̂. Once more, a
minimal ̂t is preferable, as it enables a greater number of loops to be introduced
in the strand.

Altogether, these calculations point to several advantages for a strand with
minimized thickness. Furthermore, a strand with a rectangular cross-section
requires a lower loop junction adhesive strength than does a strand with a
cylindrical cross-section. These results help explain how adaptive pressure
yielded the geometry of looped brown recluse silk, which is ribbon-like in its
morphology and only 50 nm thick.72,95,96

5.a.iv. Loop junction mass

Our material analysis of a looped elastic fiber shows that σℓ should approach σu
to optimize the toughness gain of the system (Figure 5.3). As exemplified by
recluse silk,72,95,96 non-covalent forces can form a loop bond when the strand is a
flat ribbon, but limitations of surface roughness make it likely that the use of an
external adhesive to form the loop junctions will be desirable in many cases. If an
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adhesive is employed, it will add mass to the system that must be considered in
̂ a as the mass of a single
a calculation of toughness. To do so, we defined m
̂a =
adhesive junction ma relative to the total mass of the strand (Figure 5.5a), m
̂ a into Eqn. 4.1:
ma/m = ma/(ρAL), and incorporated m

W=

AL0
m

εmax

∫0

AL

0
σdε = ρAL+Nm
̂

a

εmax

∫
ρAL 0

W

0
σdε = (1+h)(1+h

a)

(5.13)

̂ a . Note that Eqn. 5.13 applies to looped fibers composed of any
where ha = Nm
material.

When Eqn. 5.13 is applied to our linear elastic model results, the effects of
adding adhesive mass are revealed (Figure 5.5b–c). The (1 + h)(1 + ha) = (1 +
̂ a ) term in Eqn. 5.13 shows that when m
̂ a > 0, W ~ 1/N2 and ψ no
Nα)(1 + Nm
longer monotonically increases with increasing N. In other words, because each
loop adds an additional mass cost due to the adhesive, an optimal number of
̂ a = 0.01, looping gains show little drop-off relative to the nonloops exists. If m
adhesive model up to N ≈ 20 (Figure 5.5b). For N ≈ 50, the toughness gain
plateaus at just above ψ ≈ 4 before decreasing for greater numbers of loops. The
̂ a values: when m
̂ a = 0.1, ψ is at a maximum
effect is more striking for greater m
for N = 10, and an enhancement of only ψ ≈ 1.5 is expected (Figure 5.5c). It is
̂ a = 0.1 is extremely conservative; it is anticipated that the relative
notable that m
̂ a will realistically be <0.01 for most
mass of a single adhesive junction m
macroscale systems. Thus, the effect of introducing adhesive mass is anticipated
to be mild.
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Figure 5.5. Toughness enhancement of a looped fiber with adhesive mass. (a) In this scenario,
each loop junction requires an adhesive mass of magnitude ma. (b) Toughness enhancement ψ
̂ a = ma/m = 0.01. (c) Toughness enhancement when m
̂ a = 0.1. The color
versus N and α where m
scale for ψ ≥ 1 is equivalent to that of Figure 5.2d for ease of comparison; the purple-to-black
color scale applies where ψ < 1, i.e. where the looped fiber is less tough than the non-looped.
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5.a.v. Strain-hardening plastic fiber

While a linear elastic fiber is an ideal starting place for a mechanical model, we
also investigated the more complex behavior of a looped plastic fiber.
Specifically, we derived a simple model of a strain-hardening plastic.188 In this
model, the fiber behaves like a linear elastic material below its elastic limit σe, but
when stressed beyond σe, it deforms permanently and exhibits a “plastic
stiffness” Ep < E (Figure 5.6a). If strain is then halted before the fiber is stressed
to its fracture strength (point A, Figure 5.6a), the fiber recovery and any future
repeated stress proceeds with a stiffness equal to E, i.e. the fiber is strainhardened.

If a strain-hardening plastic fiber is looped and subjected to strain, the loop
lengths remain unstrained as the rest of the fiber is strain-hardened. Thus, when
σℓ > σe, the system becomes heterogeneous after a loop opens: the strained
portion of the strand has stiffness E and the unraveled loop length has stiffness
Ep. We modeled these two components as springs in series (Figure 5.6b). Since
σ = F/A = Eε̂ = Ex/Li, Hooke’s Law F = kx gives k = AE/Li. Before the ith loop
opens, the work-hardened length of the strand Li thus has spring constant
khi = AE⁄(L0 (1+(i–1)α)). On the other hand, the unraveled loop length αL0 from
the previous opening exhibits a plastic stiffness Ep, yielding a loop spring
constant kℓ = AEp ⁄(αL0 ). Since the work-hardened and loop sections are
combined, the equation for springs in series gives the effective spring constant:
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Figure 5.6. Strain-hardening plastic looped fiber model. (a) Stress-strain curve of an ideal strainhardening plastic material. (b) Schematics of looped plastic fiber unraveling and accompanying
spring models. Past the elastic limit, an unstrained loop length (black, stiffness Ep) and the strainhardened portion of the fiber (red, stiffness E) are strained in series until the next loop opens. (c)
Stress-strain curves of a looped fiber (N = 4 and α = 0.1, orange) exhibiting Regime 1 behavior
and non-looped fiber of equivalent length (black striped). Labeled portions of the stress-strain
curve correspond to indicated schematics. (d) Stress-strain curves of a looped fiber (N = 10 and α
= 0.04) exhibiting Regime 2 behavior and non-looped fiber of equivalent length. (e) Toughness
enhancement ψ versus N and α, with Regime boundaries and specific scenarios labeled. The
color scale for ψ is equivalent to that of Figure 5.2d for ease of comparison. In (c)–(e), ε̂u = 0.1, ε̂ℓ
̂ p = 0.2.
= 0.05, ε̂e = 0.02, and E
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kei =

khi kℓ
khi +kℓ

A

= L (E
0

Ep E

p (1+(i–1)α)+αE

)

(5.14)

The apparent plastic strain is then derived from Eqn. 5.14:

p

x

AΔσ

0

e
0 ki

Δεi = L = L

̂ p (1+(i–1)α)+α)/E
̂p
=(ε̂ℓ –ε̂e )(E

(5.15)

̂ p = Ep/E.
where ε̂e = σe ⁄E and E

The same principles employed to derive the elastic material then yield the
remaining details of the plastic model and limit calculations. As shown in Figure
5.6c–e, the results are similar to those of the elastic model, except the toughness
gains are not as substantial for comparable fiber parameters. This decrease due
to plasticity can be explained by the significant energy dissipated in plastic
deformation. Because looping enhances toughness via elastic strain cycling,
multiple loop openings only multiply the elastic component of the deformation—
not the plastic component. Thus, relative to the energy dissipated in plastic
deformation, the strain cycling gains are reduced. These results suggest that an
elastic or mostly elastic fiber would have the most potential for toughness gain
due to looping.

5.a.vi. Model considerations

The above models assume equivalent ultimate strength between looped and
non-looped systems—a crucial condition for toughness enhancement that is not
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assured in real systems. If weakened during loop unraveling, toughness gains
will be undermined due to the energy lost in the final strain to fracture (Figure
5.1v–vi). Indeed, in the cylindrical looped fiber previously investigated by
Passieux et al., defects introduced at the loop junctions caused the looped fibers
to be about half as strong their non-looped counterparts, negating any potential
toughness gains.115 In this system, loop opening caused defects due to the
breaking of thermally bonded loop junctions and the formation of cusps as the
cylindrical strand straightened. Our investigation of recluse silk, on the other
hand, showed no such weakening.138 We attributed the silk’s retained strength to
its thin ribbon morphology, which allows the formation of strong loop junctions
and bending upon loop opening without introducing defects. Our proof of
concept, a looped ribbon of strapping tape, was not weakened and displayed
toughness enhancements in agreement with our model. 138 Future fabrications of
fibers with hidden length should account for these findings and assure that
ultimate strength is retained in metastructured fibers. Use of a ribbon morphology
is one demonstrated viable option, but other designs may also be effective. For
instance, employing a sacrificial adhesive in place of thermal bonding could
prevent defects at negligible cost in additional weight (Figure 5.5), and the fiber
could be folded or bent instead of looped to avoid excessive twisting and
realignment upon loop opening.138

It is also noteworthy that in many looped molecules, the sacrificial bonds
spontaneously reform when the molecule is retracted, making the toughness120

enhancing effect reversible.185,186,189 In the looped macroscale fibers investigated
thus far, this is not the case: after loops or knots are opened, they do not reform
upon retraction and thus are only effective for a single use. 138,190 It may be
feasible that reversible, “self-healing” metastructure can be implemented at the
macroscale given the right design of material topology and adhesive; further
study is required to explore such capabilities.

Finally, the above analysis optimizes toughness gain ψ because it is an intrinsic
variable that reflects the normalized advantage of looping a fiber, yet a fiber’s
absolute toughness will be of paramount importance in many applications. For
instance, large toughness gains imparted to an inherently brittle, weak fiber (e.g.
elastic with low ε̂u ) may be less desirable than modest gains in a fiber with
extreme inherent toughness (e.g. plastic with high ε̂u ). The absolute toughness
should thus be considered alongside other modifications to a material’s
mechanical behavior, e.g. the increase in maximum extensibility due to hidden
length, to determine the optimal material and loop parameters for a given
application.

5.b. Looped tape: proof of concept

To demonstrate that the toughness gains predicted by our models can be
realized, we fabricated looped strands of tape inspired by Loxosceles silk that
successfully released all hidden length before fracture and displayed no
decrease in strength after loop unravelling. We chose strapping tape as our
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proof-of-concept material (Figure 5.7a–c) for its elastic behavior, ribbon
morphology, and high resistance to torsional tearing due to its fibrillar
composition. When a single loop of normalized size α ≈ 1.5 was introduced, no
significant decrease in strength was detected (Figure 5.8a) and toughness was
significantly increased (Figure 5.7c); the mean toughness gain of 30% was in
good agreement with the 22% gain predicted by the elastic model. Far greater
gains are predicted in systems with more loops (Figure 5.2).

Other mechanisms of enhancing toughness in uniaxial fibers are possible; for
instance, in the case of knotted fibers studied by Pugno et al.,16,190 energy is
dissipated via friction. We propose another metastructure for increasing
toughness in a ribbon: a self-adhering fold (Figure 5.7d–f, Table 5.2). In this
case, work is performed by progressively separating the two adhered interfaces,
effectively investing the surface energy of these materials. Folded masking tape
showed a pronounced toughness increase: a single fold of size α ≈ 0.5 yielded a
slight reduction in strength (Figure 5.8b) but 251% enhancement in mean
toughness (Figure 5.7f).

Notably, the energy dissipation mechanism in a looped ribbon is distinctly
different from that employed in either a knotted or folded fiber. In a looped ribbon,
the toughness enhancement is not due to friction or adhesion. While strong
adhesion is required to achieve high loop opening forces, the associated
energies are negligibly small due to the small contact area of the loop joints. 185 In
a manner similar to what is observed in a sacrificially bonded molecule, 185 the
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Figure 5.7. Tape tensile tests. (a) Looped strapping tape. (b) Stress–strain curves of nonlooped (red) and looped (purple) strapping tape; low-strain region magnified in inset (n=8).
(c) Left frame (white background): effective toughness values (circles), mean toughness
(black horizontal bars), and mean toughness predicted by the elastic model (green
horizontal bar). The right frame (grey background) shows that there is a significant
toughness increase in looped samples (P=0.005, n=8, unpaired two-sided t-test); black
horizontal bar: measured difference in mean toughness; green horizontal bar: predicted
mean difference; red dotted line: zero difference; vertical bar: 95% confidence interval. (d –
f) Folded masking tape (d), stress–strain curves (e), and toughness data (f), indicating a
significant increase in toughness in folded samples (P<0.001, n=3, unpaired two-sided ttest).
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Figure 5.8. Ultimate strength of (a) looped strapping tape and (b) folded label tape. Left frames
(white background) give the strength of each sample (circles) and mean (horizontal bars), and
right frames (grey background) show the mean difference between hidden length and non-hidden
length samples (horizontal bar), 95% CI (vertical bar), zero difference (red dotted line), 10%
relative zone of equivalence (green dotted lines), and 25% zone of equivalence (black dotted
lines). In (a), the 95% CI intersects the zero-difference line, indicating a non-significant result
(two-tailed two-sample t-test, P=0.25, n=8), while the 95% CI below the zero line in (b) reflects a
significant decrease in strength (two-tailed two-sample t-test, P=0.043, n=3). The length of the
95% CIs, as well as the 10% and 25% zones of equivalence, give a sense of the relative scale of
the effect of introducing hidden length: all hidden length groups can be considered equivalent to
the control at a level of 25% relative equivalency (since the 95% CIs lie completely within that
zone), while at 10% relative equivalency, the looped tape data (a) is ambiguous and the folded
tape (b) would be considered not equivalent.
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Table 5.1. Strapping tape tensile test data, where w is the tape width, ℓ indicates a looped
sample, n indicates a non-looped sample, α is the normalized loop size, σu is the ultimate
strength, and W is the toughness.

ID

w (mm)

ℓ or n

α

σu (MPa)

W (J/g)

A

12.2

n

-

354

3.10

B

12.5

n

-

390

3.80

C

13.0

n

-

409

4.27

D

12.3

n

-

359

3.45

E

10.1

n

-

344

2.87

F

14.6

n

-

404

4.01

G

14.3

n

-

411

4.18

H

9.8

n

-

415

4.01

I

14.9

ℓ

1.52

408

5.40

J

9.7

ℓ

1.46

340

3.93

K

12.7

ℓ

1.56

346

4.76

L

11.0

ℓ

1.43

374

4.90

M

13.7

ℓ

1.90

304

3.73

N

10.6

ℓ

1.75

314

4.32

O

13.3

ℓ

1.35

422

5.75

P

10.3

ℓ

1.39

400

5.90
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Table 5.2. Label tape tensile test data, where f indicates a folded sample, n indicates a nonfolded sample, α is the normalized loop size, σu is the ultimate strength, and W is the toughness.

ID

f or n

α

σu (MPa)

W (J/g)

A

n

-

39

0.68

B

n

-

40

0.77

C

n

-

42

0.84

D

f

0.49

33

2.57

E

f

0.50

38

2.38

F

f

0.50

36

3.08
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additional energy dissipation is due to repeated straining of the fiber—a
mechanism that can significantly enhance toughness, even for materials already
featuring outstanding structural properties.

The statistical details of our strapping tape tensile test results justify these
conclusions. D’Agostino-Pearson normality tests did not reveal a significant
deviation from normality in any of the samples: P = 0.22 for non-looped strength,
P = 0.44 for looped strength, P = 0.52 for non-looped toughness, and P = 0.54 for
looped toughness. F-tests for equal variance also failed to reject the null
hypothesis of no significant difference between the variances of looped and nonlooped samples, with P = 0.28 returned in a comparison of looped and nonlooped strength data and P = 0.26 in a comparison of toughness (MATLAB,
‘vartest2’ function). A two-sided, two-sample Student’s t-test of the strength data
resulted in a P-value of 0.25, leading us to fail to reject the null hypothesis of no
difference between looped and non-looped tape strength; also, the 95% CI
computed using MATLAB (‘ttest2’ function) fell within a 25% relative zone of
equivalence (Figure 5.8a). A two-sided, two-sample Student’s t-test of the
toughness data yielded a P-value of 0.005, leading us to reject the null
hypothesis of no difference in the toughness of looped and non-looped tape. For
tests of folded masking tape, a two-sided, two-sample Student’s t-test conducted
on folded and straight tape samples with a null hypothesis of no difference in
strength yielded a significant result (P=0.043), yet the 95% CI fell within the 25%
relative zone of equivalency (Figure 5.8b). This result indicates that folding
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induces a significant decrease in strength, and an effect of less than 25% of the
non-folded mean strength can be predicted in 95% of cases. Another two-sided,
two-sample Student’s t-test with a null hypothesis of no difference in folded v.
straight strand toughness yielded P<0.001, leading us to conclude a significant
increase in toughness due to folding (Figure 5.7f).
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6. Conclusions

In summary, our research of thin silk revealed fundamental characteristics of silk
and new avenues of discovery. The structure and assembly of thin silk systems
proved ideal for molecular-scale, quantitative AFM imaging, while our discovery
and analysis of looped Loxosceles silk promises to inspire new thinking in the
design of ultra-tough fibers.

In our first mechanical and high-resolution morphological study of Loxosceles
silk, we demonstrated that nanometer-thin silks can reach the performance
properties of the best silk fibers known. In their nanofibrillar structure and
impressive mechanical properties, Loxosceles ribbons share much in common
with the orbweaver silk archetypes, and may therefore serve as an important
system from which general conclusions of universal silk structure may be drawn.
Indeed, continued study of the Loxosceles system in our lab has shown the most
definitive evidence yet of nanofibrils comprising the entirety of a silk strand’s
interior.132 Furthermore, the discovery of nanopapillae on the surface of
Loxosceles ribbons indicates the potential of the model to provide a nontraditional—and thus illuminating—view of silk.

Our study of K. hibernalis silk provided another intriguing thin silk model and
reinforced our Loxosceles findings: nanofibrils were observed in both primary
reserve warps (RW1s) and within cribellate fibrils, and nanopapillae were clearly
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apparent on the surface of RW1s. These similar findings are especially intriguing
given the close taxonomic distance between K. hibernalis and the Loxosceles
genus, and suggest that further study of other related haplogyne spider families
could reveal similar features. Species within the Filistatidae family—like K.
hibernalis—may be especially interesting, however, due to their uniqueness
amongst haplogynes as cribellates. We found that K. hibernalis cribellate fibrils
are ribbon-like and only 5 nm thick—the thinnest silk ever discovered. They
present the opportunity to study silk in its simplest form, perhaps allowing for the
individual characterization of the nanofibrils that are common to all silks.

To complement these morphological studies of native thin silks, we assembled
silkworm silk fibroin in vitro and analyzed the results using AFM, yielding the first
molecular-scale comparison of native silk fibroin and reconstituted silk fibroin. We
found that in the absence of shear, neither NSF nor RSF showed any tendency
to self-assemble: only observed globular protein molecules were observed. At
the highest concentration studied, 1000 mg/L, NSF and RSF exhibited
dramatically different behaviors under shear: NSF showed long, straight,
nanofibrillar assemblies, closely resembling the structures observed on the
surface of natural silk fibers. RSF, in contrast, showed no self-assembly under
the same conditions. From this, we concluded that the reconstitution process
significantly diminished silk’s inherent natural self-assembly capabilities.
Furthermore, the quality, consistency, and quantity of our AFM data allowed us to
employ quantitative image analysis, revealing that NSF assemblies at the same
130

concentration of 10 mg/L were significantly larger than RSF assemblies—further
supporting our conclusion of disrupted self-assembly in RSF. Our results suggest
that RSF may not be considered a fully functional silk—both for silk studies and
applications. The quantitative, molecular-scale techniques explored in this work
provide a detailed view of morphology at a key level in the hierarchy of silk
assembly in response to shear, establishing clear standards of “natural” and
“unnatural” assembly. The approach we developed can be used for fundamental
studies of natural silks and to optimize synthesis and testing of future artificial silk
products and assembly procedures.

Beyond these findings of molecular-scale silk structure and assembly, we
uncovered that Loxosceles silk is spun into a looped metastructure—a surprising,
previously unreported web type that we found to enhance toughness in a
synthetic fiber. High-speed video revealed that the spider spins its looped silk
from using an intricate choreography of its specialized spinnerets, with the ribbon
silk formed into sequential loops at a rate of 10–15 loops per second. Tensile
tests of looped and non-looped fibers revealed that looping silk via sacrificial
bonds radically alters the fiber’s stress-strain response; in particular, adding
many loops into a strand introduces “pseudo-ductility.” Furthermore, in contrast
to previously fabricated artificial looped fibers,115 the natural looped ribbon of
Loxosceles did not exhibit significantly reduced strength due to looping. We
suggested that the ribbon-like morphology is to blame: the strand’s thinness (a)
facilitates the avoidance of cusps and corresponding stress concentrations
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during extension, and (b) allows the formation of strong sacrificial bonds at the
ribbon-to-ribbon contact area that do not produce defects upon bond release.
The toughness of a looped strand, however, was found to be lower than that of a
non-looped strand. We determined that the decrease occurred because not all
loops opened in tensile tests, an effect we attributed to experimental limitations
that caused our fiber extraction and testing to poorly replicate natural conditions.

To determine if a looping can enhance tensile toughness, we designed a model
that describes the mechanical behavior of a looped fiber, then sought the optimal
parameters for enhancing toughness. We found that if all loops open and
ultimate strength is retained, strain cycling due to loop opening requires
additional work relative to a non-looped strand, yielding a significantly enhanced
toughness of the looped fiber. Maximal toughness enhancement was found to be
possible for a system with the following parameters: (i) the fiber response is
primarily elastic, (ii) fiber thickness is minimized, (iii) inherent breaking strain σu/E
is minimized, (iv) loop strength σℓ approaches the fiber strength σu, (v) mass of
the loop adhesive is zero, (vi) normalized loop size α = Ls/L0 is equal to σℓ/E, and
(vii) loop number is maximized. Notably, a prioritization of absolute toughness
instead of toughness enhancement will lead to different parameter choices, e.g.
use of a plastic fiber with a large breaking strain σu/E would likely be preferable
over a less resilient elastic fiber with a small σu/E.

With our looped fiber model predicting significant toughness gains, we fabricated
a proof of concept to determine if the gains could be realized in a real system.
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Tests of looped tape produced toughness enhancements in agreement with the
model’s expectations—given that strapping tape was used, whose fibrillar
substructure discourages tearing due to bending. A folded tape strand yielded
even greater toughness gains (but not absolute toughness), showing the
potential of alternate strand metastructures to transform a fiber’s mechanical
behavior in novel ways.

A looped metastructure is best suited to applications for which specific toughness
is highly valued (i.e. energy absorption is desired and weight is a limiting factor),
only one use of the material is required, and an increase in extensibility can be
accommodated. One intriguing possible application entails the use of pseudoductility introduced by looping as a failsafe: instead of catastrophic failure at
stresses greater than σℓ, a loop would unravel and relieve the stress. These
guidelines and the models from which they were derived promise to aid in the
design of metastructured fibers with novel mechanical behavior and potentially
unprecedented toughness.

Overall, this work shows Loxosceles silk and related thin silk systems to be
illuminating departures from traditional silk archetypes. These systems displayed
salient silk characteristics: a nanofibrillar surface morphology was observed in all
native silks, and the mechanical properties of Loxosceles ribbons were found to
match those of other silks. However, nanopapillae protrusions on the strands of
Loxosceles and K. hibernalis imply a molecular structure or assembly that
deviates to some degree from the traditional model, and looped Loxosceles silk
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provides an exquisite example of natural engineering that is ripe for biomimicry.
Thus, as unique natural hybrids of fiber and film, of orthodoxy and novelty, thin
silks promise to serve as enduring, inspiring models for future silk research and
fiber engineering.
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Appendix

Supplementary Videos

Video 1. Loxosceles spinning behavior and resulting silk structure observed while
roaming unrestrained. Filmed at 60 fps, shown at 30 fps (0.5x speed). Link:
http://www.rsc.org/suppdata/c6/mh/c6mh00473c/c6mh00473c2.mov

Video 2. Angled view of Loxosceles spinneret behavior. Filmed at 1000 fps,
shown at 25 fps (1/40th speed). Link: http://www.rsc.org/suppdata/c6/mh/
c6mh00473c/c6mh00473c3.mov

Video 3. Angled view of Loxosceles spinneret behavior, with only the right
anterior lateral spinneret and associated posterior spinnerets active. Filmed at
1000 fps, shown at 25 fps (1/40th speed). Link: http://www.rsc.org/suppdata/
c6/mh/c6mh00473c/c6mh00473c4.mov
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